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INTRODUCTION 
Advancement in fields of endeavor involving physical 
phenomena has historically tended to pass through certain 
recognizable stages. There is first the awakening aware­
ness of the phenomenon, followed by attempts of man to 
avail himself of the more obvious benefits. Continued 
interest and increasing familiarity may next lead to develop­
ment of an art, whereby the practitioner's intuitive under­
standing of the necessary initial and operating conditions 
aids him in obtaining the desired results. Knowledge of 
this nature, passed down through successive generations, 
and continually enhanced, can result in a highly refined 
and effective art. 
Efforts to expand the range of operating conditions 
for observing or harnessing a particular physical phenomenon 
may logically lead to the next step, the development of a 
science. It is in this stage that the individual charac­
teristics of the phenomenon, or of the materials involved, 
are separated, critically examined, measured, and mathe­
matical relationships established. In this regard, the 
words of Sir William Thomson, better known as Lord Kelvin, 
(32, p, 80), are appropriate. 
"I often say that when you can measure what you 
are speaking about and express it in numbers you 
know something about it; but when you cannot 
measure, when you cannot express it in numbers, 
your knowledge is of a meagre and unsatisfactory 
kind: it may be the beginning of knowledge, but 
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you have scarcely, in your thoughts, advanced 
to the stage of science, whatever the matter 
may be." 
Response of a soil to tillage operations is an economic­
ally important physical phenomenon, involving the cutting, 
shearing, pulverizing, and inverting of a finite layer of 
a non-homogeneous, compressible solid, to prepare a seed­
bed, Different soils will react differently to the same 
tool, as will the same soil at different moisture contents. 
Important though it has been to the welfare of man, 
tilling of the soil and preparation of a seedbed has been, 
since time immemorial, primarily an art, limited by the 
equipment and power available, and sustained by a benevolent 
Mother Nature, Within the past three or four generations, 
however, significant advances in the art of tillage have 
been made possible, first by development of the steel 
moldboard, and then by the widespread acceptance of tractors 
for farm power. While the steel moldboard had a direct 
effect on the quality of the primary tillage, the influence 
of the tractor has been indirect. Its dependable and ade­
quate power permits more timely accomplishment of the 
tillage operations, when soil conditions, as affected by 
weather, are most favorable. 
Criteria for describing the condition of the soil 
after tillage are still generally qualitative in nature. 
Agronomists and other plant scientists, who are primarily 
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concerned with the soil as a medium for supporting the 
growth of economic plants, and as a reservoir for water 
and plant nutrients, often use the term tilth to refer 
to the general physical condition of the soil. Though 
various factors are involved, the description of the 
tilth is essentially an indication of the degree of granu­
lation of the soil. A soil in good tilth can be said to 
have favorable water, air, and nutrient relationships for 
plant growth. These require adequate granulation, which 
results from primary soil particles being flocculated 
and cemented together into secondary soil structural units. 
Tillage practices alone cannot produce the desired results, 
but they can have a marked effect.^ 
As a result of recent work on tillage practices and 
their effects on physical condition of the soil, Luttrell 
(13) developed a method for obtaining a numerical index of 
the surface roughness of a tilled soil.. The application 
of this method has not been checked under widely diverse 
soil conditions, but it is an indication of efforts being 
made to carry tillage research into the realm of a science. 
4 
OBJECTIVES 
The ultimate goals of tillage studies are to make it 
possible to identify and to measure soil properties which 
affect tillage results and to adequately describe soil work­
ing methods and tools. 
Within these broad goals, the objectives of the re­
search reported in this thesis are: 
1, To develop a functional relationship between 
measurable variables that will be useful for 
predicting the forces on full-size moldboard 
plows working in various soil types. 
2. To test the validity of the selection of soil 
strength properties used in the analysis. 
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WOEK OF OTHER INVESTIGATORS 
Early field studies, carried out under soil conditions 
which were only qualitatively defined, provided data from 
which general relationships between draft, speed, and plow 
type were derived. 
Davidson, Fletcher, and Collins reported in 1919 (6) 
that increasing the field speed of a general purpose mold-
board plow from two mph up to three mph caused an increase 
of the draft of from eight to twelve percent, varying with 
the soil. Doubling the speed caused an increase of draft 
of from sixteen to twenty-five percent. Collins continued 
this work and reported in 1920 (5) that an increase in speed 
produced about the same increase in draft with any type of 
bottom. 
Clyde worked with moldboards of different shape, and 
concluded, in 1937 (4-), that the speed-type moldboard re­
quired less draft at both 2-1/2 and 4-1/2 mph than the 
ones of conventional design. Recognizing that the soil 
variables were not under control, he stated that the work 
was mainly concerned with large differences and tendencies. 
Work on tillage was also being carried on at the 
National Tillage Laboratory in Auburn, Alabama, during this 
era. In a classic series of articles on the dynamic pro­
perties of soils, dating from 1931 to 1939, Nichols, Kummer, 
Doner, and Reed (7, 10, 11, 17, 18, 19, 20, 21) presented 
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results of analytical studies on soil physical properties 
affecting tillage operations, and on plow moldboard design. 
Articles by Reed and Randolph (23, 24, 25) described 
the equipment and procedures used at the Tillage Laboratory 
for testing moldboard plows, and presented data and graphs 
showing the relation between loads on the plow, and speed 
of plowing. Most of their tests were carried out in the 
Laboratory soil bins under conditions which permitted con­
trol of soil moisture and compaction, as well as orienta­
tion and speed of the implement. 
Much of the work by Soehne (29), in Germany, was pri­
marily directed toward determining the effect of working 
speed on design of plow moldboards. He concluded that, for 
high speed plowing, the increase of draft with increase in 
speed can be minimized by reducing the lateral angle of the 
moldboard. 
In a study reported in 1957) Bockhop (1) applied the 
principle of similitude to tillage investigations, using 
5" and 10'^ concave aluminum disks operating in real soils. 
To describe the soils, he used bulk density, moisture con­
tent, clay content, and a ratio of the coefficients of 
friction between soil and steel and between soil and the 
aluminum used for the model disks. Operating the system as 
a true model, and measuring draft, side, and vertical forces 
on the tools, he found a significant difference existed 
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"between results from the two disks. These differences were 
relatively small in soils of low clay content, and appre­
ciably larger in soils of high clay content. Results pre­
dicted from the models were compared to the magnitudes of 
forces acting on a full-size steel, disk plow, operating in 
a field soil. Limited efforts were made to develop a pre­
diction equation including all variables, by combining the 
various functions obtained from the test data. Bockhop 
concluded that the principles of similitude could be used 
effectively for tillage research, but that the accuracy 
would be dependent upon whether or not the effects of all 
soil variables could be determined. 
Application of similitude principles to tillage 
studies was carried further by McLeod in 1959 (15). For 
his work he operated 3", 6", and 12" concave steel disks in 
the same soils used by Bockhop. Soil physical properties 
were described by bulk volume weight, apparent cohesion, 
angle of shearing resistance, apparent adhesion, and angle 
of soil to metal friction. Design conditions could not be 
satisfied for all dimensionless TT terms, so a distorted model 
was set up, with distortion factors applied to the terms 
involving apparent cohesion, angle of shearing resistance, and 
apparent adhesion. On the basis of test data, and from 
results reported by Payne and Fountaine (22), McLeod con­
cluded that under the soil conditions for most tillage 
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operations, apparent adhesion could "be neglected as a 
variable. It was further assumed, on the basis of analysis 
of data, that the angle of shearing resistance remained 
essentially constant for a given soil and moisture level. 
These assumptions reduced the number of distortion factors 
to the one applying to the cohesion rr term. A relationship 
between this distortion factor and a prediction factor was 
determined by regression analysis of the data for all tests. 
The resulting equation was used in adjusting the force TT 
term vs. speed n term curves. In all instances cited, use 
of these prediction factors markedly improved the agreement 
between the prototype curves and those predicted from the 
models, over the results obtained by assuming a true model. 
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EXPERIMENTAL WOEK 
Model Analysis 
A popular concept of models is that they are physically 
smaller reproductions of actual prototype structures, de­
vices, or systems. While this is often the case, a model 
that is to be used for purposes of analysis may be any of 
four general classes (l6, p. 6l), including analogs which 
do not physically resemble the prototype but which can pro­
vide useful information about the behavior of the prototype. 
All are alike, however, in the sense that the variables of 
the phenomenon being studied can be arranged into a group 
of dimensionless terms for which there are analogous rela­
tionships between the model and prototype. 
For engineering problems, selection of the pertinent 
variables is facilitated by classifying them into three 
general groups — forces, geometry, and properties of the 
materials. It is important that the number of variables be 
kept to a minimum and that those selected be independent. 
Good judgment in making this selection usually requires con­
siderable knowledge of the art that has developed for the 
phenomenon being studied. 
For this research, three moldboard plows of similar 
shape but different dimensions were operated at various 
speeds in four different soils. Each soil was prepare I at 
several moisture levels to vary its physical properties. 
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It was assumed, that the draft of the plows was a 
function of certain other variables, as indicated below: 
R = f(D, V, g, 05 n, w, C, tan cp, A, tan 
where E 
D 
X 
V 
S 
e 
n 
draft . 
width dimension of plow , , . . , 
other pertinent dimensions . . . 
speed of plow with respect to soil 
gravitational acceleration . . . 
lateral angle of plow surface . . 
cotangent of angle at which curve 
describing vertical section of plow 
surface cuts a radius from the 
origin, (l4, p. 155) 
w 
C 
tan cp 
bulk volume weight of the soil 
apparent cohesion of the soil . 
tangent of angle of shearing 
resistance of the soil . . . . 
A = apparent adhesion of the soil , 
tan |i = tangent of angle of soil to metal 
friction 
F 
L 
L 
LT 
LT 
-1 
1-2 
FL -3 
PL - 2  
FL -2  
These are essentially the same terms as those used by 
McLeod (I5)j except for 0 and n, which are parameters used 
to describe the shape of the plow surface, and the use of 
the tangents of the angles cp and ja, instead of the angles. 
An important part of using model theory involves 
arranging the variables into dimensionless terms. This 
is accomplished by procedures discussed in texts on 
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similitude (12, l6).. The Buckingham Pi Theory (2) indi­
cates that the number ofdimensionless values, called n 
terms, must be equal to the number of variables minus the 
number of basic dimensions involved. In this instance, 
with twelve variables and three dimensions, nine dimen­
sionless terms are required. 
Since the draft, R, is considered to be the dependent 
variable, it is essential that it not occur in more than 
one of the rr terms. Use of the terms will be facilitated 
if the number of variables in any term is kept to a minimum. 
A workable relationship that has evolved can be stated as 
2 "1 
^ ^  [d' gD' wD' wD' J 
Since quantitative effects have not as yet been formulated 
to relate the variables involved, it was important that 
the number of terms involved in the study be reduced to a 
minimum. By scaling the plows equally in all planes, and 
keeping the shape parameters constant (see Table 1), design 
conditions involving the three terms 9, and n were 
satisfied for all model-prototype combinations used in 
this study. The functional relationship then reduces to 
[ID' taa 55, tan 
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To facilitate identification, these are designated as 
R 
TT-, = —Ô the draft rr term 
T.T-nv wD' 
_ 
^ gp ' • . • • . the speed TT term 
^3 ~ wD the cohesion n term 
TT/^  = tan sp . . . . the angle of shearing 
resistance TT term 
^5 ^ the adhesion n term 
TTg = tan fi . . . . the coefficient of friction 
n term 
The design condition involving is easily satisfied by 
varying the speed, V. 
SD 
1/2 
V, since g^ = g 
where the subscript m is used to indicate the model. 
The last four TT terms involve soil physical properties. 
With soils, it is normally not possible to satisfy more than 
one design condition at a time. Consequently, distortion 
factors were applied to the terms. 
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_ C 
(tan cp)^ = p tan 
-V = Y 4; 
Vm  ^"D 
(tan m)^ - e tan ^ 
An important part of this research involved attempts 
to develop the relationships between these distortion fac­
tors and the prediction factor ô relating the TT terms con­
taining the dependent variable R. 
B = 6 O - U O 
Vm 
As indicated by McLeod (15) j the measure of tan |a will 
be the same for all tests within a given soil and moisture 
content; and, though tan gp changes with depth, it generally 
varies within rather narrow limits. Also, for agricultural 
soils, especially when working with discs, adhesion is 
often negligible. Consequently, he was able to limit his 
consideration of soil factors to cohesion and bulk volume 
weight. 
It was assumed that draft forces would be more affected 
by adhesion and soil to metal friction when using moldboard 
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plows than when using discs. Consequently, the effects of 
all soil variables were considered. 
Equipment 
Equipment for model studies of this nature must 
necessarily provide for certain functions. These can 
basically be calssified as follows: 
1. Containment and preparation of the soil or 
other operating medium. 
2. Mounting and adjustment of the tool, 
3. Provision for relative motion between the 
tool and the operating medium, and measure­
ment of the speed of this motion. 
4. Measurement of forces against the tool. 
5. Measurement of pertinent physical properties 
of the operating medium. 
The installation at Iowa State University, first set 
up by Bockhop in 1957s makes use of a bin of soil mounted 
on a carriage which moves on rails. This is accelerated 
to the desired speed, and moved past a fixed tool bar at 
a uniform speed by an electric motor. After the bin passes 
the tool-bar, the drive motor is turned off, and the bin 
decelerated to a stop. The overall system, as it existed 
for this study, is shown in Fig. 1 and Pig. 2. Use of a 
fork lift truck to change a soil bin is shown in Pig. 3. 
For early studies carried out on this equipment. 
mixing and compacting of the soil was accomplished by hand. 
Schafer (27), at the time he was preparing for his research, 
Fig. 1',' Overall view of equipment from drive end 
Pig, 2. Overall view of equipment from soil 
fitting end 
l6 
Fig. 3. Changing soil bins, using a fork-lift truck 
Fig. 4. Carriage with soil bin removed. 

Fig. 5» Soil fitting equipment, with controls for 
all elements, including carriage drive 
Fig. 6. Rototiller in position for soil working 
20 
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added a rototlller and a powered roller, Fig. 5 and Fig. 6, 
which greatly facilitated fitting a bin of soil for tests. 
Mixing was better, and degree of compaction much greater, 
than that obtained by the methods previously used. Savings 
of time over hand working permitted running more tests, for 
a larger population of,data. A new tool bar was also 
installed, which permitted fast and accurate positioning 
of the soil working tool with hand-operated vertical and 
horizontal screws. 
Several changes in the system were made by the author 
to improve its dependability and to.increase the maximum 
operating speed. At one end of the system, a low-speed 
drive, Fig. 8, moved the carriage at speeds from 4 to 18 
fpm, for soil fitting. Controls for this drive motor were 
located at the station where all other controls were 
located for operating the soil fitting equipment. This 
slow-speed drive was disconnected at the final driveshaft, 
when making test runs. The high-speed drive, Fig. 7, 
which moved the carriage at speeds from 40 to 400 fpm for 
test runs, was located at the opposite end of the track. 
An electric motor supplied power through a positive-
infinitely-variable transmission and a four-speed truck 
transmission connected in series. Current to the motor was 
supplied through a magnetic starter to permit control from 
either of two stations. Limit switches alongside the 
track shut off the motor when the soil bin carriage had 
Fig. 7* Power unit to move carriage for test runs, 
with positive-infinitely-variable trans­
mission coupled to four-speed automotive 
transmission 
Fig, 8.' Power unit for slow-speed soil fitting 
operations 
23 
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passed under the toolbar, and when the carriage was returned 
to its starting position. Reversing of this drive was 
accomplished only by shifting the transmission to reverse 
gear, thereby preventing return of the carriage at high 
speed. 
At speeds above 250 fpm, additional acceleration was 
provided by a 4-3/4" diameter, 80" long air cylinder. 
Rods attached to a single piston projected from opposite 
ends of the cylinder. The ends of these rods were attached 
to the ends of a. 3/8* wire rope cable that made a complete 
circuit around pulleys at opposite ends of the track.' 
These are shown, between the tracks and covered by sheet 
metal guards, in Fig. 7 and Pig. 8. To make use of this 
accelerator, a slotted arm attached to the carriage was 
swung down to straddle the cable as the carriage was moved 
to the starting position, to contact a metal knob attached 
to the cable. Compressed air in an accumulator tank was 
admitted to one end of the cylinder by a solenoid valve 
which was energized at the same time the drive motor was 
started. At line pressure of 90 psi, the accelerating 
force was of the order of 1,500 lb., minus friction losses 
in the piston and the cable system. The piston was equip­
ped with cup leathers to transmit force in either direction, 
so the accelerating force tapered off during the travel of 
the piston, due to buildup of pressure in the opposite end 
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of the cylinder. The magnitude of this cushioning force 
was controlled by the setting of a spring loaded poppet 
valve which throttled this cushion pressure to the atmos­
phere, This feature was built into the system to prevent 
damage to the cylinder in the event that air at high pres­
sure was admitted to the cylinder when no load was attached; 
Also it permitted use of air pressure to return the piston 
to the starting position. 
While no measurements of this accelerating force have 
been made, nor of the rate of its decrease, the system 
proved quite adequate. In fact, for all except the high­
est speeds, pressure in the accumulator tank was usually 
regulated at less than line pressure to minimize over­
running of the drive motor. An important feature of the 
system is that no worm and gear drives were incorporated 
into the speed reduction, so that a high accelerating 
force would only over-drive the motor, with no damage to 
the overall transmission, 
A brake on the final drive shaft, shown in Fig, 4 and 
Fig. 7s was operated by an electro-pneumatic cylinder which 
was energized by a relay when a limit switch alongside the 
track was operated by a cam on the carriage. This was 
arranged to operate immediately after the drive motor was 
turned off by an adjacent limit switch. 
At the higher speeds, the large accelerator cylinder 
was also used as a deceleration snubber. The return run 
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of wire rope cable passed through a grommet on the carriage, 
and this engaged a second knob on the cable when the car­
riage passed a certain point near the end of its run. 
Prior to this, the high-pressure air in the cylinder had 
been automatically exhausted to the atmosphere through the 
three-way solenoid valve, by a limit switch alongside the 
track which was also operated by a cam on the carriage. 
When the grommet engaged the knob on the cable, the piston 
was then pulled back in the direction of its starting 
point, with the consequent drag acting to decelerate the 
carriage." The magnitude of this decelerating force could 
have been increased considerably, if necessary, for higher 
speed operation, by installing a smaller orifice, or a 
spring-loaded valve on the exhaust port of the solenoid 
valve.' 
Measurement of Forces 
Forces on a moldboard plow have been shown (4, p. 121) 
to be a combination of two non-concurrent forces, which 
can, if desired, be resolved into one resultant force and 
a couple. One practical way to measure and locate those 
forces is to mount the.plow so that the forces and couples 
can be resolved into three mutually perpendicular planes. 
This principle was used by Bockhop (1), Clyde (4), Reed 
(24), Tanner and Dean (31)> and others. 
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For the work reported herein, only the draft was 
measured, but it was still necessary to isolate this from 
forces in the other planes. A T-shaped mounting bar was 
constructed and mounted in a frame-work that could be 
attached to the adjustable tool mounting frame. A line 
sketch of the bar is shown in Pig. 9? and a photograph of 
the completed dynamometer in Fig. 11. As shown in the 
sketch of Fig. 9j the only point at which draft can be 
measured is that marked No. 1, Side forces are taken at 
points 2, 3 J and 4, and vertical forces at points 5 and 6. 
Precision ball rod ends were used at all points, to elimin­
ate binding yet minimize backlash. 
Draft forces at point No, 1 were measured by a pair 
of curved links equipped with resistance strain gages and 
mountedJbetween ball rod ends as shown in Fig. 12. This 
load ring, as it became when mounted, was calibrated by 
applying dead loads to a cord running over a pulley and 
attached to the dynamometer shank. Attenuation of the 
recorder was then adjusted to provide an integral ratio 
of load versus lines of pen deflection on the recorder. 
Fig. 10. Over the range of loads encountered, this rela­
tionship was linear. 
Ball rod ends at other points on the dynamometer bar 
were attached with straight links having holes 2" center to 
center. For future work requiring force measurement in 
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VERTICAL 
FORCE 
Fig, 9, Line sketch of tool mounting bar 
Fig. 10, Oscillograph equipment.used for recording 
strains in load-measuring devices 
Pig, 11 o. Bottom view of dynamometer used for 
measuring plow draft 
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SR4 FOIL TYPE 
STRAIN GAGES^/ iV 
BALL ROD END 
Pig. 12, Strain links 
model plows 
used for measuring draft on 
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other planes, these links could be replaced with curved 
links similar to those shown in Fig, 12, 
Design, Construction, and Setting of Plows 
Since the moldboard plow is still the most used imple­
ment for primary tillage, it was considered desirable to 
carry out the research using model tools of this type. 
One avenue would have been to model directly from a suc­
cessful full-sized plow bottom. This, however, would have 
required either drawing of plate stock over dies, or con­
tour sawing and milling from solid stock. Equipment was 
not available for either of these procedures, so the 
alternative selected was to roll cylindroid moldboards 
on a reduced scale from plate stock, fitting them to three-
dimensional templates. These were made up in a manner 
described below, and could be described by the same general 
mathematical expression with constant values adjusted for 
the desired scale relationship, 
Nichols and Kummer, reporting in 1932 on work at the 
Alabama Agricultural Experiment Station (20, p. 281), wrote 
that: 
"Constant acceleration is an important con­
sideration in plow design, because constant 
or uniform acceleration means that a constant 
pressure is being applied to the soil by the 
moldboard. This is a necessary condition for 
"uniform scouring and wear," 
They further state that this condition exists when, in the 
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case of a plow, the forward and upward travel of a block 
of soil is increasing at a constant rate, and that; 
"The curvature of a vertical differential 
section of a moldboard which keeps the soil 
slipping on all shear planes Simultaneously 
and uniformly must be constantly increasing 
at a rate which is proportional to the dis­
tance traveled up the curve. A mathematical 
statement of this relationship is that the 
rate of the increase"of the z- coordinate per 
unit of increase of x must be proportional to 
z, that is 
II = a b = ta 
this indicates that a vertical differential 
section of the moldboard parallel with the 
lands!de should have the formula 
where z and x are the coordinates of the curve, 
e the base of natural logarithms, and a and b 
constants." 
They studied a number of typical successful plows, and 
found that major portions of their curves could be fitted 
"bx by the formula, z = a e . The lower portions were usual­
ly varied for mechanical strength and suction, and the 
upper portions had varied curvatures to form the surface 
for turning. 
For this study, where plows of three different sizes 
were to be scaled, it was desired that a single formula be 
used to describe all vertical differential sections, and 
that this approximate, as nearly as possible, the combina­
tion curves commonly used on general purpose moldboards. 
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as described in the work by Nichols and Kiimmer quoted 
above. It was found that a logarithmic spiral, with pro­
perly selected parameters, would satisfy these requirements 
reasonably well. 
By definition (l4, p. 155)j the logarithmic spiral is 
a curve which cuts the radii from the origin at a constant 
angle whose cotangent is n. Its polar equation is 
where ui is the angle of the radius line expressed in 
radians. • Here a is the value of p when u) = 0, 
Curves for the templates were formed as shown in Fig. 
13» using dimensions and angles listed in Table 1. The 
Table 1. Values used in generating logarithmic spiral 
curves for moldboard plow templates 
enu) 2" Plow 3" Plow 4" Plow n CM nw a=2/3 a=l a=4/3 
1 -TTA 
-0.7854 0.456 0.304 0.456 0.608 
-TT/D -0.5236 0.592 0.395 . 0.592 0.789 
-TT/12 -0.2618 0.770 0.513 0.770 1.026 
0 0 1.000 , 0.667 1.000 1.333 
TT/12 0.2618 1.299 0.866 1.299 1.732 
n/6 0.5236 1.688 1.125 1.688 2.250 
TT/4 0.7854 2.193 1.462 2.193 2.923 
TT/3 1.0472 2.849 1.899 2.849 3.798 
5n/l2 1.3090 3.703 2.468 3.703 4.935 
n/2 1.5708 4.811 3.207 4.811 6.412 
»• puO^ 
ARROWS INDICATE DIRECTION 
OF PLOW TRAVEL 
VA 
# 
Pig. 13i' Logarithmic spiral curves used in forming moldboard plow surfaces 
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only parameter that was adjusted for scaling was the co­
efficient, a. The value of n was maintained at unity for 
all curves. This meant that the angle between the curve 
tangent and a radius line from the origin was ^5° at all 
points. 
In scaling the plows, it was necessary that the 
length of the surface along the curve be scaled at the same 
ratio as the width of the plow, and the depth of plowing. 
The accuracy of this assumption for these curves was 
verified by use of the standard formula for curve length 
in polar coordinates (8, p. 292). 
P [p^ + (&)'] 
-'lUo  ^
du) 
For the logarithmic spiral curves used. 
p = a e 
^ = n a e"" 
du) 
Substituting in the equation for curve length; 
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2 _2 _2nwl 
= a J 
Without carrying this further, it can be seen that the 
curve lengths will respond directly to the values of a, 
so long as the value of n is a constant and the limits of 
u) are the same for all curves, as in this instance. Since 
the values of a were in direct proportion to the widths 
of the plows, the curve lengths and the total surface 
areas were also scaled according to the desired ratios. 
Template curves, as shown in Fig. 13, were laid out 
and cut to line on rectangular pieces of sheet steel. 
These were then set one-fourth inch apart in parallel slots 
milled in wood base pieces which were trimmed across one 
end at 45°. Pig. l4 shows the three-dimensional template 
for the 3" plow, and the corresponding completed plow. 
The moldboard surfaces were rolled from 1/8" thick hot-
rolled mild steel, from which the mill scale had been 
removed while still flat. Approximate side contours were 
sawed prior !;o rolling. After achieving the desired fit 
to the template, the moldboard was welded to the mounting 
Pig. l4. Template used as a guide when forming 
model moldboards 
Fig. 15. Two-, three-, and four-inch moldboard 
plows used for model studies 
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frame, and all four edges milled to the specified dimen­
sions,' The leading edge was sharpened by first milling 
from the bottom side to leave a square edge l/32" thick. 
This was then filed from the top side at a uniform angle' 
of 20° to obtain the desired cutting edge. Within the 
limits imposed by-this procedure, the sharpness of the 
cutting edge was the same for all plow sizes. 
The plow surfaces were then smoothed and polished 
to approximately equal finishes, as indicated by light 
reflection in Fig. 15. Many trial runs were made in silt 
loam with each plow prior to starting record runs, to as­
sure that they were scouring adequately. 
Boiling coulters were made from power saw blades, 
turned to the proper diameters. Symmetrical cutting 
edges having 15° included angle were ground, using a 
lathe fixture. All surfaces were then smoothed and polish­
ed, on the lathe, prior to use in the soil, 
Moldboards and coulters were mounted rigidly with 
respect to each other, using adjustable clamps, as shown 
in Fig, 15. The center of the coulter shaft was located 
directly over the point of the plow, with other dimensions 
scaled, as shown in Table 2, 
The plows were mounted in the dynamometer, as shown 
in Fig. 16 and Fig, 1?, with the vertical shaft from the 
plow clamped in the horizontal fitting, so that the 
Fig. 16. Model moldboard plow, in position at 
end of run 
Pig. 17. Three-inch moldboard plow in operation 
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Table 2. Plow and coulter dimensions and settings 
Plow width (in.) 
Depth of plowing (in.) 
Coulter diameter (in.) 
Coulter cutting depth (in.) 
Coulter edge above plow 
2.0 3.0 4.0 
1.25 1.88 2.50 
5.60  2.80 4.20 
0.75 1.13 1.50 
point (in). 
Coulter offset from 
0.50 0.75 1.00 
landside (in.) 0.13 0.19 0.25 
edge of the plow was parallel to the direction of travel 
of the soil bin. Depth of cut was adjusted by moving the 
entire dynamometer frame down with the adjusting screw so 
that the bottom of the plow contacted the rolled soil 
surface. Then the soil bin was moved away, and the dyna­
mometer and plow lowered the required distance. 
Pour soils, covering a range of types from sandy 
loam to silty clay were used for the tillage tests. Their 
complete mechanical analyses are shown in the appendix and 
in graphical form in Fig. 18. Breakdown of the Norfolk 
sandy loam in the silt range is reported differently from 
the others, because of a difference in the number of 
pipette samples that were taken. Classification according 
Description of Soils 
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Fig. 18, Logarithmic probability plot of soil particle 
size distributions 
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to total sand, silt, and clay is shown in the table below. 
Table 3» Particle size distribution of soils used for 
tillage tests 
Silt Sand 
0,002 0.050 
to to 
Soil type 0.002 mm. 0,050 mm. 2.000 mm. 
Ida silt loam 16. ,7^  65.7# 17 ,6# 
Colo clay loam 32. ,8 41.3 25 .9 
Luton silty clay 51. ,0  ^43.5 5 .5 
Norfolk sandy loam 12. 8 17.0 70 ,2 
The Ida silt loam, Colo clay loam, and Luton silty clay 
are all from Iowa. The Norfolk sandy loam is an Alabama 
soil. All were sieved to remove rocks, concretions, and 
other foreign matter larger than 1/4". Tests were started 
with the moisture content in the range considered to be the 
lowest for each soil that would permit satisfactory hand­
ling with the soil fitting equipment that was to be used. 
Moisture was then added, for each series of runs, until 
the furrow slice began to get slick, indicating undesir­
able structural breakdown. 
In subsequent discussions, a single digit is used to 
designate the moisture level of a soil. The moisture con­
tent for each moisture level is indicated in the following 
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table. Each of the values for recorded moisture content 
is an average of the results from three samplings. 
Table Soil moisture content at designated moisture 
levels 
Recorded moisture content 
percent; wet basis -
Moisture Average 
Soil level 2" plow 3" plow 4"' plow percent 
Ida - 1 15. 9 l6. 0 l4. 9 15. ,6 
2 17. 3 17. 3 l6. ,8 17. 1 
3 18, .4 18. 4 18, .3 18, .4 
4 20, .1 20, .1 19. ,1 19. 8 
5 21, .0 21, .7 21. ,0 21, .2 
6 21, 
.9 22. ,1 22. ,6 22, .2 
Colo 1 18, ,6 18, .0 17. 9 18, .2 
2 21, .2 20. 5 20, .5 20, .7 
3 22, .6 21, .9 22. 3 22, .3 
4 23. 9 23. 3 22, .6 23. 3 
Luton 1 20, .2 20, .2 19. 4 19. 9 
2 22, .4 21, .3 20, .9 21, >5 
3 22, .2 22, .1 22, .0 22, .1 
4 23. 2 23, .2 22, .9 23' .1 
5 22, .9 24, .9 24, 6 24, .1 
Norfolk 1 6, .0 6, .0 6, .0 6, .0 
2 8, .4 8, .1 8, .0 8, .2 
3 9' .4 9. 5 9' .2 9, .4 
Measurement of Soil Physical Properties 
The selection, by McLeod, of five pertinent physical 
properties of the soil was considered to be valid. Some 
changes were made in methods and equipment used for mea­
surement, in an attempt to improve the reliability of 
results. 
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To determine the volme weight of a soil, core 
samples were taken with the tube shown in Pig. 19. Each 
sample was trimmed to the desired length while still in 
the tube, removed and weighed, and then dried for moisture 
determination. Each sampling was replicated three times, 
with results averaged to obtain the values used. Sample 
length, In each case, was the same as the depth of plow­
ing. Inside diameter of the core sampler was I.6I". 
Moisture content was not included as a pertinent variable, 
but was calculated as a matter of record. 
Soil shear strength and soil to metal friction were 
determined by using the torsional device. Fig. 20 and 
Fig. 22, developed by McLeod and Rowe, with some altera­
tions to improve its operation. Though Howe's work (26) 
on the effect of rate of shear on shear strength was 
recognized, it was decided to carry out all shear tests 
at one speed, since it would not have been possible to 
measure the shear at rates corresponding to the higher 
plowing speeds with the type of equipment used. Shear of 
soil, in the proper moisture range for tillage, occurs 
with relatively small strain. For strain rates corres­
ponding to the higher plowing speeds Included in this 
study, this would have required high rates of acceleration 
of the shear head with consequent impact loading on the 
soil column. It was felt that this would confound the 
Pig, 19. Soil sampling for determination of 
moisture content and volume weight 
4-9 
Pig. 20. Torsion device with shear head attached 
Fig, 21. Shear head with end plate removed 
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Pig. 22. Equipment in position for making shear test 
Fig, 23. Appearance of soil surface after torsional 
shear failure 
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results more than to accept the data obtained from tests 
at uniform shear rates. 
Shear tests were made at three depths in each soil 
and moisture content. In an attempt to obtain an average 
value for the furrow slice, shear measurements were made 
at half the depth of plowing. The four-inch shear head, 
with an adjustable top plate, shown in Fig, 21, was used 
for all tests. A hand-operated plow was mounted to rotate 
around the shear head to facilitate clearing out the soil 
around the head after it had been forced into the soil to, 
the desired depth. 
Moment required to cause failure of a soil column was 
sensed by resistance strain gages on the tubular drive-
shaft of the torsion device, and recorded on an oscillo­
graph. Shearing stresses were calculated by using the 
equation 
Q -
8 2nr3 
where S^ = maximum tangential shearing 
stress on the soil column 
M = maximum moment to cause failure 
r = radius of the circular column 
This simplified version of the equation developed by Payne 
and Fountaine (22) is based on the assumption that the 
maximum shearing stress coincides with the angle of twist 
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corresponding to the maximum torque, 
A series of shear tests, with increasing normal loads 
on the column, was made for each soil, moisture content, 
and depth. Each test was replicated three times, and each 
series plotted. Linear regression analyses of these data 
gave values for each soil condition and depth to apply in 
the Coulomb equation (30, p. 270) for soil shear strength. 
Sg = C + Sn tan cp 
where C = apparent cohesion, the value of 
when S =0 
s n 
Sn = normal stress 
cp = angle of shearing resistance 
A representative plot of shearing stress versus normal 
stress is shown in Pig. 24. Values of C and tan cp for each 
soil condition and depth are tabulated in Table 13. 
In similar fashion, soil to metal friction was mea­
sured with a flat circular steel plate attached to the 
shaft of the torsional device, Pig. 25. As shown in Fig. 
26, a universal joint was attached between the shaft and 
plate, to assure that the plate would impose uniform pres­
sure on the soil over its entire area. Tangential fric-
tional stress, S^, was obtained by using the same form of 
equation as for the shearing stress. Linear regression 
analyses of the vs. plots provide values for an 
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APPARENT COHESION = 2.744 PSI 
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PSI 
Fig. 24. Plot of shearing stress vs. normal stress for 
Ida silt loam, moisture level 2, 5/8" depth 
Fig. 25. Equipment used for measuring soil to 
metal friction 
Fig. 26. Circular friction head equipped with 
universal joint 
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equation analogous to the Coulomb equation 
= A + tan 
where A = apparent adhesion 
tan (i = coefficient of friction 
A representative plot is shown in Fig. 2?. Values of A 
and tan ta for all soil conditions used are tabulated in 
Table 12. Negative values of A indicate a curvilinear 
trend at the lower end of the regression line, which may 
exist to some degree for all soil conditions. It is 
accepted that the negative values are not a true indica­
tion, but they are recorded as calculated to serve as a 
basis for comparison. 
Testing Procedures 
In order to obtain data over a wide range of operat­
ing conditions, the experiment was set up to operate three 
plows, at five speeds, in four soils, at several moisture 
contents, with each run replicated three times. To identi­
fy each run, the coding system shown in the following 
table was used. Each run was then designated by five 
elements; for example 
I 2 M 1 b 
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NORMAL STRESS 
PSI 
Fig. 27. Plot of friction stress vs. normal stress 
for Ida silt loam, moisture level 2 
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Table 5. Coding of rims with model plows 
Soil types I Ida silt loam 
C Colo clay loam 
L Luton silty clay 
N Norfolk sandy loam 
Moisture levels 1 through 6 
Plow sizes S Small, 2" width 
M Medium, 3" width 
L Large, 4" width 
Speeds 1 through 5 
Replicates a, b, and c 
which, reading from the left, means: Ida silt loam soil, 
second moisture level, medium size plow, first speed, and 
replicate b. 
With forty-five runs to be made at each moisture 
level, plus a variety of physical property determinations, 
it was necessary to follow procedures which would shorten 
the time required, thereby minimizing the moisture change 
and its effects. 
A uniform soil preparation technique was adopted which 
involved adding required moisture, while tilling, then 
tilling a second time, followed by a light rolling. Then 
the bin was left at least overnight, covered with plastic 
sheeting, to permit the moisture content to stabilize. 
Prior to each group of runs, the soil was tilled twice 
with the roto-tiller, screeded to a level surface in such 
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a maimer as to minimize local packing, Pig. 28, then rolled, 
Fig. 29. For the first pass, the roller was lowered 2" 
below the bin top, then lowered for subsequent passes by 
1/2" increments until the resistance of the soil raised the 
roller against the compressed air in the cylinders forcing 
the roller down against the adjusting screws. Then, after 
lowering another 1/2'^, two more passes were made with the 
roller. The total number of roller passes thus varied be­
tween soil types and moisture levels. Since the soil would 
push out near the ends of the bin, the useable draft data 
was normally limited to about six feet in the center of 
the bin length. 
Preliminary operations and periodic checks provided 
information on the variability of results, and developed 
confidence in the procedures that were adopted. In gener­
al it was found that variability from bin to bin for a 
particular soil and moisture content did not exceed the 
variability within a bin. 
With the soil prepared, friction and shear tests were 
made, as described in a preceding section. Draft tests 
were then made, using as many repeats of the soil prepara­
tion as required to complete the runs. Usually a series 
for a given moisture content could be completed within a 
day. To minimize moisture loss, the soil was kept covered 
at all times that test operations were not being carried out. 
Fig, 28. Screeding operation after tilling, to 
level soil surface prior to rolling 
Fig. 29. Roller used for compacting soil in bins 
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ANALYSIS OF EESULTS 
Conversion of Graphical Data 
Soil physical properties, other than "bulk volume 
weight, were obtained from oscillograph records of the 
measured response of the torsional testing device. 
Torsion required to overcome soil to metal friction 
was taken as the average of the graphical reading, Pig. 30. 
The small fluctuations apparently result from the manner 
in which torque was applied to the worm, with forces on 
the crank presumably affecting the normal load. This 
average torque was then converted to tangential friction 
stress. Linear regression analyses were then used to ob­
tain values for apparent adhesion and the tangent of the 
friction angle. These are recorded in Table 12 of Appendix A. 
Soil shear strength was determined by using the maximum 
of the individual torque curves. Fig. 31, and converting 
to tangential shear stress. Linear regression analyses 
then gave values for apparent cohesion and the tangent of 
the angle of shearing resistance. These are recorded in 
Table 13 of Appendix A. 
Draft forces on the plows and speed of plowing were 
also recorded initially on oscillograph tapes, as shown in 
Fig. 32. Draft forces were averaged by planimetering 
portions obtained at constant plowing depth, and applying 
Pig. 30. Torque records of soil to metal friction 
for four normal pressures 
Fig. 31. Torque record of shear failure of soil 
Fig. 32. Draft and speed records for run with 3" 
model molaboard plow 
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attenuation and calibration factors. Speed was calculated 
by measuring the spacing of event marker blips which indi­
cate one foot movement of the soil bin, and applying the 
required constants. This was checked against a trace by 
pen No. 2 which recorded the output from a direct current 
tachometer generator driven from the final drive shaft. 
As attenuated, a pen deflection of one line indicated 20 
fpm soil bin speed. 
Calculation of Dimensionless Values 
With all data in numerical form, the values of draft, 
speed, plow size, soil bulk volume weight, and gravita­
tional acceleration were combined to form the dimension-
less values of and n2 for each run. (See Tables 14, 
15 J l6, and 17 of Appendix B.) These values were than 
plotted for each plow size and soil condition, and linear 
regressions calculated. Values for the constants in the 
linear equations are listed in Table 6 for all runs. A 
typical graph, for the three plow sizes, is shown in Pig. 
33. The relationships between implements of different 
sizes in the same soil condition were similar to those 
reported by Bockhop and McLeod. 
Data on cohesion and adhesion, Tables 12 and 13» were 
combined with data on soil bulk volume weight and plow 
size to form values for and TT^. These, together with 
and rr^j which were already in dimensionless form, are 
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Pig. 33. Representative graph of relationship between 
TT^ and IT2 
Table 6. Coefficients for linear regression equations relating draft and speed 
TT terms 
"1 = + 
^2 ^2 
2" plow 3" plow 4" plow 
Moisture 
^1 ^1 Soil level ag ^2 ^1 *2 
Ida 1 33.097 3.425 17.989 1.747 10.785 0.973 
2 41.951 2.234 19.642 1.225 16,451 0.083 
3 55.296 -0.122 19.814 1.287 10.200 1.344 
4 48.180 3.454 21.805 1.578 12.649 1.012 
5 39.041 2.668 16.132 2.463 13.930 0.003 
6 39.267 1.889 18.551 2.4l6 10.418 2.072 
Colo 1 74.833 -0.654 22.312 2.179 13.193 1.667 
2 74.706 4.190 32.260 4.523 19.013 3.279 
3 123.362 1.907 39.969 8.196 29.008 1.619 
4 92.633 21.700 54.533 9.194 36.385 0.228 
Luton 1 80.003 6.739 30.472 3.428 15.590 2.216 
2 84.628 4.020 38.309 4,011 23.482 2.150 
3 80.946 7.059 43.860 2.972 26.078 2:328 
4 81.913 13.356 44.909 5.175 24.743 5.427 
5 56.349 10.770 58.000 5.980 34.018 3.496 
Norfolk 1 24.525 2.665 14.160 1.004 7.942 1.064 
2 21.236 3.524 14.889 0.478 7.474 11255 
3 25.691 2.658 13.453 1.483 9.177 0.821 
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tabulated in Table 7» where 
_ C A 
^3 - WD , "5 " ^  
TTj^ = tan cp ""6 ~ tan p. 
Negative values of resulting from negative values of 
apparent adhesion, are accepted as not being a true indi­
cation, but they are tabulated as calculated, to serve as a 
basis for comparison. 
Development of a Functional Relationship 
When the data of n^, rr^, and were tabulated in 
ascending order of the respective TT terms, along with the 
parameters describing the rr^ vs. rrg regression lines, there 
appeared to be a correlation between rr^ and the intercept 
parameter. Regression analysis of the rr^ vs. intercept 
data, (Table 8, and Fig. 3^), indicated an exponential 
relationship expressed by the equation 
I = 0.230 
C J 
where I = calculated intercept of 
vs. TTg regression line 
To test the effects of other soil physical properties, the 
above equation was used to calculate intercept values for 
Table 7. Values of dimensionless terras involving soil physical properties 
All 
2" plow 3" plow 4" plow sizes 
Run c tan 0 A c tan 0 c tan 0 A 
series wD wD wD wD wD wD tan M 
I 1 24.408 0.504 0.0778 15.821 0.430 0.0532 14.547 0.336 0.0397 0.688 
I 2 24.773 0.453 -0.2077 20.512 0.354 -0.1384 14.951 0.525 -0.0994 0.701 
I 3 25.754 0.505 0.3805 20.676 0.497 0.2608 18.417 0.358 0.2013 0.670 
I 4 30.886 0.343 -0.0157 19.081 0.491 -0.0104 15.955 0.416 -0.0079 0.547 
I 5 23.071 0.572 1.0214 16.040 0.554 0.6761 17.976 0.248 0.4979 0.517 
I 6 17.812 0.632 0.2034 19.761 0.436 0.1480 15.397 0.317 0.1115 0.432 
C 1 42.505 0.445 -0.5868 29.178 0.502 -0.4235 23.546 0.340 -0.3228 0.448 
C 2 44.681 0.478 1.8103 32.606 0.455 1.2519 25.560 0.350 0.9318 0.721 
C 3 48.500 0.406 3.4679 37.418 0.373 2.5399 30.143 0.268 1.8705 0.607 
C 4 37.568 0.573 2.0440 33.597 0.324 1.3609 24.206 0.332 1.0524 0.684 
L 1 38.952 0.407 -0.1347 29.093 0.354 -0.0905 21.759 0.241 -0.0688 0.523 
L 2 38.266 0.352 2.7212 28.145 0.397 1.8715 21.518 0.247 1.3201 0.516 
L 3 46.605 0.503 0.6874 38.586 0.353 0.4715 28.579 0.312 0.3528 0.623 
L 4 44.105 0.465 4.6863 33.834 0.350 3.0972 24.709 0.348 2.4154 0.457 
L 5 56.682 0.489 1.1217 36.889 0.473 0.6820 27.236 0.454 0.5151 0.573 
N 1 18.606 0.594 -0.0422 14.736 0.488 -0.0268 13.543 0.365 -0.0204 0.428 
N 2 19.077 0.442 -0.1412 15.459 0.418 -0.0945 12.151 0.404 -0.0708 0.403 
N 3 14.828 0.397 0.9834 11.456 0.480 0.6365 9.788 0.470 0.4755 0.415 
Table 8, Data used in developing equations 
I , and slope, s 
P ir 
Run 
series "3 le :c 
N 3 L 9.788 9.177 7,130 
N 3 M 11.456 13.453 8,947 
N 2 L 12.151 7.474 9.660 
N 1 L 13.543 7.942 11,385 
I 1 L 14.547 10.785 12,650 
N 1 M 14.736 14.160 12,926 
N 3 0 14.828 25.691 13.110 
I 2 L 14.951 16.451 13.225 
I 6 L 15.397 10.418 13.800 
N 2 M 15.459 14.889 13.823 
I 1 M 15.821 17.989 14.375 
I 4 L 15.955 12.649 14.582 
I 5 M l6.040 16.132 14.720 
I 6 S 17.812 —• — 
I 5 L 17.976 13:930 17.480 
I 3 L 18,417 10.200 18.009 
N 1 S 18.606 24.525 18.400 
N 2 S 19.077 21.236 19.090 
L 4 M 19.081 21.805 19.205 
I 6 M 19,761 18.551 20.010 
I 2 M 20.512 19.642 21.390 
I 3 M 20.676 19.814 21.505 
L 2 L 21.518 23.482 23.000 
L 1 L 21.759 15.590 23.230 
I 5 S 23.071 39.041 25.300 
C 1 L 23.546 13.193 26.381 
C 4 L 24.206 36.385 27.255 
I 1 S 24.408 33.097 27.600 
L 4 L 24.709 24.743 28.280 
I 2 S 24.773 41.951 28.290 
for predicted values of Intercept, 
s 
1,287 
1.504 
0.774 
0.698 
0.853 
1.097 
1.959 
1.244 
0.755 
1.077 
1.251 
0.868 
1.096 
0.797 
0.506 
1.333 
1.112 
1.135 
0.927 
0.918 
0.921 
1.021 
0.671 
1.543 
0.500 
1.335 
1.199 
0.875 
1.483 
0.821 
1.483 
1.225 
1.064 
0.973 
1.004 
2.658 
2.072 
1.747 
1.012 
2.463 
1.889 
1.344 
2.665 
8.524 
1.578 
2.4l6 
1.225 
1.287 
2.150 
2.216 
2.668 
1.667 
3.4^5 
5.427 
2.234 
0.803 
1.003 
1.084 
1.253 
1.380 
1.408 
1.426 
1.496 
1.544 
1.560 
1.584 
1.834 
1.901 
1.946 
2.024 
2.028 
2.112 
2.225 
2.253 
2.376 
2.411 
2.622 
2.682 
2.816 
2.869 
2.879 
1.022 
1,479 
1.158 
0.849 
0.705 
0.713 
1.864 
1.385 
1.128 
0.646 
1.555 
1.030 
0.707 
1.369 
1.741 
0.778 
1.144 
0.551 
0.571 
0.905 
0.919 
1.018 
0.622 
1.216 
1.892 
0.776 
Table 8. (Continued) 
Run 
series "3 Ic ^1 ^2 
C 2 L 25.560 19.013 29.670 0.641 3.279 3.010 1.089 
1 3 s  25.754 " — — W M M M M M M  M M M  mm mm «M 
L 5 L 27.236 34.018 32.430 1.049 3.496 3.256 1.074 
L 2 M 28.145 38.309 34.270 1.118 4.011 3.414 1.175 
L 3 L 28.579 26.078 35.075 0.743 2.328 3.520 0.661 
L 1 M 29.093 30.472 35.765 0.852 3.428 3.590 0.955 
C 1 M 29.178 22.312 35.880 0.622 2.179 3.610 o.6o4 
C 3 L 30.143 29.008 38.180 0.760 1.619 3.788 0.427 
14 8 30.886 48.180 38.985 1.236 3.454 3.872 0.892 
C 2 M 32.606 32.260 42.550 0.758 4.523 4.206 1.075 
C 4 M 33.597 54.533 44.390 1.228 9.194 4.382 2.098 
L 4 M 33.834 44.909 47.150 0.952 5.175 4.400 1.176 
L 5 M 36.889 58.000 50.600 1.146 5.980 4.928 1,213 
C 3 M 37.418 39.969 52.670 0.759 8.196 5.069 1.617 
C 4 S 37.568 M  M  M  U  M  M  M  M M M  M M M  M M M  
L 2 S 38.266 84.628 54,510 1.553 4.020 5.227 0.769 
L 3 M 38.586 43.860 54.970 0.798 2.972 5.280 0.563 
L I S  38.9^2 80.003 55.430 1.443 6.739 5.333 1.264 
C I S  42.505 74.833 63.250 1.183 M M M  M M M  M M M  
L 4 S 44.105 81.913 66.700 1.228 13.356 6.371 ^.096 
C 2 8 44.681 74.706 68.080 1.097 4.190 6.477 0.647 
L 3 S 46.605 80:946 72.680 1.114 7.059 6.864 1.028 
C 3 8 48.500 mm mm M M  M  M  M  M M M  M M M  M M M  
L 5 S 56.682 M M  M M M  10.770 9.082 1.186 
Note : Missing data were deleted , where It appeared that gross experimental error 
had occurred. 
76 
Fig. 34. Graph showing exponential correlation between 
the values of and the intercepts of the 
TT^ vs. TTg regression lines 
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each run series, using the measured values of Then, 
for each run series, a ratio r^ was calculated to relate 
the experimental and calculated intercept values. 
^ _ Experimental intercept value 
1 Calculated intercept value 
These ratio data were then plotted as r^ vs. n^j and 
TT^. The only apparent correlation that appeared was with 
n/j,» the angle of shearing resistance n term, Fig. 35. Re­
gression analysis of thé data indicated a relationship 
expressed as 
r^ = 0.416 + 1.531 TTij, 
This equation served to reduce' the deviation between the 
experimental and calculated values of the intercept. A 
predicted value, 1^, of the intercept was then written as 
Substituting the derived values in the equation, the pre­
dicted intercept was expressed as 
Ip = (0.416 + 1.531 TTZj.) (0.230 
2.0r 
1.5 
1.0 
0.5 
r, = 0.416 + 1.531 ir^ 
Ol—^ 
0 
J I _| L I L 
0.3 0.4 0.5 0.6 
-n3 
00 
tTj 
Fig. 35» Graph showing relationship between and the ratio r^ 
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The slopes of the -n^ vs. rrg regression lines also 
appeared to be correlated with the values of TT^j the 
cohesion n term. Regression analysis of the vs. slope 
data, (Table 8, and Fig. 36), indicated an exponential 
relationship expressed by the equation 
Sq = 0.0352 
where s^ = calculated slope of VS. Tig 
regression line 
AS with the intercept equation, slope values were calculated 
for each run series using the above equation. A ratio 
was then determined for each measured value of rr^. 
_ _ Experimental slope value 
2 s^ Calculated slope value 
Plotting values of r^ vs. rr^j and ngj the only apparent 
correlation that appeared. Pig. 37 j was with the angle 
of shearing resistance rr term. Regression analysis of the 
data indicated a relationship expressed as 
r^ = 0.818 + 0.609 
A predicted value of slope, s^, was then written as 
diT^ 
dïï^ 
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Pig. 36. Graph showing exponential correlation between 
the values of TTO and the slopes of the TTT vs. J . -J-
TTg regression lines 
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Pig. 37» Graph showing relationship between rrj^ and the ratio r^ 
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Substituting the derived values in the equation, the pre­
dicted slope was expressed as 
8P = (0.818 + 0.609 TT2^) (0.0352 
The equations for and s^  were then used to write an 
equation showing the functional relationship between 
and TTg for known values of and 
= Ip + Gp ^ 2 
= (0.416 + 1.531 TT^) (0.230 + 
(0.818 + 0.609 (0.0352 NG 
It was felt that adhesion and soil to metal friction also 
influenced the results. However, it was not possible 
with the available data to separate their effects. 
Some indication of the degree to which the calculated 
regression lines fit tne experimental data is shown in the 
graphs of Figs. 38, 39> 40, and 4l. Each of these graphs 
is for the medium size plow operating in the respective 
soil at the first moi3ture level. 
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IDA SILT LOAM 
RUN SERIES I I M 70 
60 
EXPERIMENTAL 
TTj = 17989 + 1.747 TTg 
50 CALCULATED 
TT, = 15.439 + 1.673 TT. 
30 
20 
P— 
Fig, 38. Comparison of experimental and calculated 
regression lines for rr-, vs. rr^  for tests in 
Ida silt loam 
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COLO CLAY LOAM 
RUN SERIES CI M 
70 
60 
50 
40 
30 
20 
EXPERIMENTAL 
TT, = 22.312 + 2.179 TTg 
CALCULATED 
TT, = 42.518 + 4.058 TTg 
Pig. 39, Comparison of experimental and calculated regres­
sion lines for n-. vs. Ho for tests in Colo clay 
loam 
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LUTON SILTY CLAY 
RUN SERIES L I M 
70 
SO-
SO 
30 
20 
EXPERIMENTAL 
TT, = 30.472 + 3.428 TTg 
CALCULATED 
TT, = 34.263 + 3.712 TTg 
Fig, 40. Comparison of experimental and calculated 
regression lines for RR  ^ vs. TTO for tests in 
Luton silty clay 
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70-
NORFOLK SANDY LOAM 
RUN SERIES N I M 
60-
50 
TT, 40-
EXPERI MENTAL 
TT, = 14.160 + 1.004 TTg 
CALCULATED 
IT, = 15.033 4 1.590 TTg 
30 
20-
10-
TTc 
Pig. 4l. Comparison of experimental and calculated 
regression lines for iTn vs. TTp for tests in 
Norfolk sandy loam 
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Prediction Factor vs. Distortion Factors 
The fimctional relationship developed in the previous 
section was written in more general form as 
TTi = (a + ID TT^^) + (e + f n^ )(g TT^^ ) rrg 
where the lower case letters indicate constants of differ­
ent values. Assuming the design conditions on rrg and rr£^  
to be satisfied, and tt^  to be distorted by the factor a, 
"2 " "2m 
 ^ "3m 
"4 " "4m 
the equation for the prediction factor 6 was written as 
TT^  (a + b TT/j,) (c TT^ )^ + (e + f n^ )(g r\^ ) ng 
"im (a + b + (e + f TTj[|.) |^ g(aTT^ )^ J 
The resulting explicit relationship between 0 and a would 
be quite complex. Some simplification was achieved by 
assuming an average value of Trji|,5 since it usually varies 
over a fairly narrow range. This reduced the functional 
relationship to 
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 ^ il 
~ "3 T^ 3. ) TTg 
The relationship "between 6 and. a was then written as 
"im C-, (aiTo)^ + Si TTg 
The resulting explicit relationship between ô and a would 
still be complex. Further simplification was achieved by 
assuming that the exponents of are equal; that is 
h = d 
The equation for the prediction factor then became 
TTi C^  + (g^  TTg 
I^m + (g^  
S = 
a 
As Indicated in the preceding section, the derived exponents 
were 
d = 1.499 
h = 1.371 
The coefficient c had a much larger value than the coeffi­
cient g, which caused the exponent d to have a greater 
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effect on the value of TT  ^ than the exponent h. Therefore, 
it was further assumed that 
h = d = 1,5 
From this, 
A limited test of this relationship was made for data 
sets for which Experimental values of 0 were 
determined at three evenly spaced values of -^ 2; as shown 
in Table 9. These were then compared to the calculated 
values of 0. As shown in the table, the calculated values 
of 0 were consistently higher than the experimental values, 
within the range 1 < TTg < 5. These values of rrg would 
correspond to speeds of about 4 to 9 mph for a full-size 
1^ "' plow. 
The tendency of the experimental value of ô to change 
with changes in Ug indicates the need for considering the 
effects of speed on the factors which contribute to soil 
strength measurements. 
Determination of the relationship between the predic­
tion factor ô and the distortion factor g was attempted by 
assuming the design conditions on iTg and to be satisfied, 
and to be distorted. 
Table 9« Comparison of experimental and calculated values of the prediction 
factor 6 
Run 
series 
TT3 a 
"2=1 TT2=3 "2=5 
ô=a"^ '-
L 2 S 
L 4 M 
0.352 
0.350 
38.266 
33.834 1.131 0.55'* 0.594 0.628 0.830 
L I S  
N 2 L 
0.407 
o.4o4 
38.952 
12.151 3.206 0.101 0.112 0.121 0.174 
N 2 S 
I 6 M 
0.442 
0.436 
19.077 
19.761 0.965 0.847 0.811 0.788 1.055 
L 5 M 
0 2 8 
0.473 
0.478 
36.889 
44.681 0.826 1.233 1.149 1.088 1.332 
N 1 M 
L 5 S 
0.488 
0.489 
14.736 
56.682 0.260 4.426 5.163 5.746 7.460 
L 3 S 
C 1 M 
0.503 
0.502 
46.605 
29.178 1.597 0.278 0.282 0.286 0.495 
I 5 M 
I 2 L 
0.554 
0.525 
l6.o4o 
14.951 1.073 0.889 0.710 0.593 0.950 
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"2 ~ ^ 2m 
B 4^ = 
The equation for the prediction factor ô "was then written 
as 
TT^ (a 4- "b TT2j,) (CTT^*^) + (e + f TT/j,) CgTT^^) TTg 
^Im (a + "bpn^) (CTT^*^) + (e -f fPTT2j,) (gir^^) Tig 
The explicit relationship between ô and p would be quite 
complex, especially since 
a e 
b ^  f 
A further attempt was made by working directly with the 
experimental data. For selected data pairs, design condi­
tions on TTg) TT^ s TT^ , and were assumed to be essentially 
satisfied, as shown in Table 10. Values of the prediction 
factor 6 were determined for three evenly spaced values of 
172» and plotted against the respective values of the pre­
diction factor 3. Regression analysis of the plot shown 
in Fig. 42 indicated the relationship 
a = 0.978 - 0.183 p 
Table 10, Calculation of. prediction factor 
data sets 
Run no TTc; H/-
series  ^ o 
N 1 S 18.606 -0.0422 0.428 
I 4 M 19.081 -0.104 0.547 
N 2 8 19.077 -0.1412 0.403 
I 2 M 20.512 -0.1384 0.701 
I 1 M 15.821 0.0532 0.688 
I 6 L, 15.397 0.1115 0.432 
N 1 M 14.736 -0.0268 0.428 
I 1 L 14.547 0«0397 0.688 
L 2 M 28.145 1.8715 0:516 
c 3 L 30.143 I08705 0.607 
1 5 s  2 3 . 0 7 1  1 . 0 2 1 4  0.517 
C 4 L 24.206 1.0524 0.684 
Ô and distortion factor 3 for paired 
"1 
IT2=1 "2=3 ^2=5 "4 
27.190 
23.383 
32.520 
24.961 
37.850 
29.695 
0.594 
0.491 
= 0.860 0.768 0.785 3 = 1.210 
24.760 
20.867 
31.808 
23.317 
38.856 
25.767 
0.442 
0.354 
= 0.843 0.733 0.663 p = 1.249 
19.376 
12.490 
23.230 
14.562 
26.724 
16.634 
0.430 
0.317 
= 0.633 0.624 0.622 3 = 1.356 
15.164 
11.758 
17.172 
13.704 
19.180 
15.650 
0.488 
0.336 
= 0.775 0.798 0.816 3 = 1.452 
34.320 
30.627 
42.342 
33.865 
50.364 
37.103 
0.397 
0.268 
= 0.892 0.800 0.737 3 = 1.481 
41.709 
36.613 
47.045 
37.069 
52.381 
37.525 
0.572 
0.332 
= 0.878 0.788 0.716 3 = 1.723 
Table 10, (Continued) 
"1 Run _ „ TTi, 
series 3 5^ & 2^=3 
I 6 S 17.812 0.2034 0.432 41.156 44.934 48.712 0.632 
I 3 L 18.417 0.2013 0.670 11.544 14.232 16.920 0.358 
6 = 0.280 3 = 1.765 
1 5 s  23.071 1.0214 0.517 41.709 47.045 52.381 0.572 
L 2 L 21.518 1.3201 0.516 25.632 29.932 34.232 0.247 
6 = 0.615 0.636 0.654 3 = 2.316 
2.Or 
1.6 
1.2 
0.6 
0.4-
VA—L-
0 0.8 
9 
1.0 1.2 1.8 
8 = 0.978— 0.183)3 
§ 
2.0 2.2 2.4 1.4 1.6 
Pig. 4-2. Graph of the apparent empirical relationship between the prediction 
factor 6, and the distortion factor p 
\o 4=-
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The number of usable data was limited, and did not permit 
adequate test of this relationship. Similar attempts were 
made to develop empirical relationships between 0 and y, 
for the adhesion TT term, and between ô and e for the co­
efficient of friction TT term. Results were not meaning­
ful, presumably due to the dominating effects of small 
differences between the cohesion and angle of shearing 
resistance TT terms for the usable data sets. 
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SUMMARY 
Measurements were made of soil strength properties and 
of the.draft forces required to pull model moldboard plows 
through certain soils at measured speeds. These data were 
then used to develop a functional relationship between a 
dimensionless draft force n term, and other dimensionless n 
terms made up of measurable variables. This functional rela­
tionship was written as 
TT^ = (0.416 + 1.531 rri^ ) (0.230 + 
(0.818 + 0.609 TT2^ ) (0.0352 TTg 
where 
. 
"2 = go TTij = tan tp 
The variables making up these n terms were; 
R = draft force on plow 
V = speed of plow with respect to soil 
D = width dimension of plow 
g = gravitational acceleration 
w = bulk volume weight of soil 
C = apparent cohesion of soil 
cp = angle of shearing resistance of soil 
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The derived equation was used to develop regression lines 
relating tt^  and rrg for known values of rr^  and These 
lines showed good agreement with experimental data, except 
for tests in Colo clay loam. It was assumed, on the "basis 
of experience with this soil, that adhesion exerted a strong 
influence on the test results. An applicable equation for 
this type of soil should include this variable. 
The functional equation was then written in more 
general form as 
TTi = (a + b n^ j,) (c TT^ )^ + (e + f (g tt^ )^ ng 
where the lower case letters indicate constants of different 
values. Using the equation in this form, a complex relation­
ship was then established between a prediction factor 6, 
applying to n^ , and a distortion factor a, applying to n^ . 
To simplify this relationship, it was assumed that: 
1. The design conditions on and were satisfied, 
"2 " ^2m 
2. The value of was essentially constant. 
3. The exponents of were equal and of the value 1.5} 
h = d = 1,5 
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An approximate relationship between ô and a was then estab­
lished as 
Ô = 
When compared with experimental results, it was found that 
this equation tended to over-estimate the values of ô. 
Applied with discretion, however, it should be a useful 
mathematical tool for analysis of tillage force data. 
A complex relationship, established between the predic­
tion factor 6 and a distortion factor p, applying to 
could not be simplified. Disparity between the values of 
the coefficients and the additive constants of the equation 
prevented factoring. Assumptions regarding satisfaction of 
design conditions were not alone sufficient to achieve 
simplification. 
It was assumed that adhesion and soil to metal friction 
also influenced results. However, it was not possible to 
separate their effects. Attempts to develop empirical 
relationships between 6 and y, for the adhesion n term, 
and between 6 and g, for the coefficient of friction rr 
term, did not produce meaningful results, because of 
excessive scatter of the usable data. 
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CONCLUSIONS 
1. A functional relationship was developed for mathe­
matically predicting the draft forces on moldboard plows. 
This relationship was found to be valid for model plows of 
a given configuration; operating in soils exhibiting a rather 
wide range of soil strength values. 
2. A simple relationship was developed between a pre­
diction factor 6J applicable to a dimensionless draft term, 
and a distortion factor a, applicable to a dimensionless 
term which includes the measure of apparent cohesion of the 
soil. This relationship, written as 
6 = 
should be useful in other model tillage studies, especially 
in real soils where apparent cohesion is a dominant soil 
strength property. 
3. Test results indicate that the selection of apparent 
cohesion and the tangent of the angle of shearing resistance 
as pertinent soil strength properties was valid. It was 
not possible, with the available data, to ascertain the 
specific effects of apparent adhesion and the coefficient 
of soil to metal friction. Laboratory and field experiences 
indicate, however, that these properties should be con­
sidered, and further effort made to determine their influences. 
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SUGGESTIONS PGR FUTÙBE RESEARCH 
When developing a functional relationship empirically, 
it is important that the data that are used be valid and 
correct indications of the properties being measured. Soil, 
by its very nature, is difficult to characterize quantita­
tively. The variability in replicated readings of soil 
properties used in this study indicates the need for im­
provement in making and evaluating these measurements. 
Of all the measured soil strength properties, apparent 
cohesion was found to exert the strongest influence on test 
results. So far, however, no rapid means of proven validity 
has been developed to measure this important soil variable. 
The present methods require that data from a series of in­
dividual tests be used to mathematically develop a value of 
cohesion. These same data also yield a value for the tangent 
of the angle of shearing resistance. What is needed is a 
method whereby these two variables could be measured con­
tinuously, with the test responses in the form of voltage 
fluctuations. Such a method would permit continuous and 
instantaneous processing of the data, along with the primary 
test data, through an analog computer for integrated readout. 
Greater precision in measurement of the more dominant 
soil strength properties, such as cohesion, may make it 
possible to determine the specific effects of adhesion and 
soil to metal friction. This should be investigated further, 
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especially in soil conditions which are not conducive to 
good scouring. 
To be most useful, the findings of this and similar 
research should be related to field conditions with full-
size equipment. Field measurement of soil strength pro­
perties will be complicated by the presence of cracks and 
foreign material in the soil. This would indicate the 
necessity for making measurements with equipment that is 
large enough to minimize these effects and give a response 
that corresponds to measurements taken in the more homogeneous 
soils used for laboratory work. The equipment; should be 
kept as small as possible, however, in the interests of porta­
bility. A study is suggested to determine the optimum size 
of equipment that will satisfy these requirements. 
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Appendix A. Soil Data 
Table 11, Mechanical analyses of soils used for tillage tests 
Norfolk 
sandy loam 
% Cxm.,fo 
<0,002 16.68 16.68 32.82 32.82 51.04 51.04 12.80 12.80 
0.002-0,004 2.96 19.64 4.21 37.03 7.34 58.38 
0.002-0,020 12.96 25.76 
0,004-0,008 4.60 24.24 7.17 44.20 9.96 68.34 
0.008-0.016 9.28 33.52 10.70 54.90 8.67 77.01 
0.016-0,031 28.60 62.12 12.21 67.11 11.43 88.44 
0.020-0.050 
82.42 6.98 74.09 6.12 94:56 
3.99 29.75 
0.031-0.050* 20.30 
0.050-0.062* 12.81 95.23 4.40 78.49 3.87 98.43 
0.031-0.062 33.11 11.38 9.99 
0,050-0,125 7.13 36.88 
0,062-0,125 3.90 99.13 4.73 83.22 0.78 99.21 
48,03 0.125-0.250 0.28 99.41 4.55 87.77 0.32 99.53 11.15 
0,250-0,500 0.33 99.74 5^ 93 93:70 0.29 99.82 24.82 72,85 
0,500-1,000 0.25 99.99 4.30 98.00 0.16 99.98 20.90 93.75 
1.000-2.000 0.01 100.00 2.00 lOOiOO 0.02 100.00 6.25 100.00 
E^stimated by straight line proportioning between 0,031 and 0.062 mm. 
Particle id.a' Colo Luton 
gigg wilt loam clay loam silty clay 
mm % Gum.^  % Cvan.fo % Cum,^  
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Table 12. Measured values of adhesion and coefficient of 
friction 
= A + tan ji 
where = tangential friction resistance, in psi 
A = adhesion, in psi 
n^ ~ ]^ o™al stress, in psi 
la = angle of frictional resistance 
Run Percent 
Series A tan (i moisture 
Ida 1 +0.009 0.688 15.9 
2 -0.023 0.701 17.3 
3 +0.048 0.670 18.4 
4 -0.002 0.547 20.1 
5 +0.133 0.517 21.0 
6 +0.029 0.432 21.9 
Colo 1 -O.O65 0.448 18.6 
2 +0.198 0.721 21.2 
3 +0.407 0.607 22.6 
4 +0.229 0.684 23.9 
Luton 1 -0.013 0.523 20.2 
2 +0.257 0.516 22.4 
3 +0.065 0.623 22.2 
4 +0.435 0.457 23.2 
5 +0.101 0.573 22.9 
Norfolk 1 -0.005 0.428 6.0 
2 -0.019 0.403 8.4 
3 +0.140 0.415 9.4 
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Table 13. Measured values of cohesion and- the tangent of 
the angle of shearing resistance 
Sg = C + tan cp 
where = tangential shearing strength, in psi 
C = cohesion, in psi 
Sn = normal stress, in psi 
cp = angle of shearing resistance of the soil 
Eun 5/8" depth 15/16" depth 1-1/4" depth 
series c tan cp c tan cp c tan cp 
Ida 1 • 2.825 0.504 2.678 0.430 3.300 0.336 
2 2.744 0.453 3.408 0.355 3.461 0.525 
3 3.249 0.505 3.805 0.497 4.391 0.358 
4 3.943 0.343 3.654 0.491 4.033 0.4i6 
5 3.004 0.572 3.155 0.554 4.802 0.248 
6 2.540 0.632 3.873 0.436 4.006 0.317 
Colo 1 4.708 0.445 4.478 0.502 4.742 0.340 
2 4.887 0.478 5.157 0.455 5.440 0.350 
3 5.692 0.406 5.996 0.373 6.559 0.268 
4 4.209 0.573 5.652 0.324 5.267 0.332 
Luton 1 3.760 0.407 4.177 0.354 4.110 0.241 
2 3.6l4 0.352 3.865 0.397 4.189 0.247 
3 4.407 0.503 5.319 0.353 5.266 0.312 
4 4.094 0.465 4.752 0.350 4.450 0.348 
5 5.104 0.489 5.463 0.473 5.340 0.454 
Norfolk 1 2.203 0.594 2.745 0.488 3.323 0.365 
2 2.568 0.442 3.108 0.418 3.260 0.404 
3 2.111 0.397 2.520 0.480 2.882 0.470 
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Appendix B. Experimental Data 
Table l4. Experimental data from tests in Ida silt loam 
Run 
no. 
Moisture 
content 
% 
Volume 
weight 
(lb/ft3) 
Plow 
size 
(in) 
Speed 
(fpm) 
Shear 
failures 
per foot 
Average 
draft 
(lb) 
v2 
gD 
R 
wD^  
I  1 S 1 a 15.8  102.0 2 41.5 19.5 17.6  0.089 37.270 
b 41.2  10.4 17.1 0.088 36.211 
o 42 .0  10.2 16.5  0 .091 34 .940 
I  18  2 a 78.2  7 .2  16 .0  0 .317 33 .882 
b 77.4  9 .8  18 .2  0.310 38.540 
0 77.4  8 .8  15.5 0.310 32.823 
I  1 S 3 a 158 7.8  l6.o 1.292 33 .882 
b 157 7 .0  l6.6 1.275 35 .152 
c 154 7.2  15 .5  1 .228 32 .823 
I  18 4 a i6.o 97.5  231 5.6 19.5  2 .762 43.200 
b 233 5.0 21.5  2.810 47.631 
c 238 4 .8  19 .5  2 .932 43.200 
I  1 S 5 a 320 4 .0  22 .4  5 .300 49.625 
b 321 3 .8  23 .0  5 .333 50.954 
c 328 4 .2  21.7 5.569 48 .074 
Table l4. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (In) (fpm) 
I 1 M 1 a 16.0  97.5 3 48.0 
b 48.0 
c 47.6 
I 1 M 2 a 93.4 
b 93.1  
c 91.6  
I 1 M 3 a 190 
b 190 
0 193 
I 1 M 4 a 279 
b 277 
c 281 
I 1 M 5 a 375 
b 379 
o 376 ' 
Shear Average „2 „ 
failures draft —= ——? 
per foot (lb) ® . wD^  
8.2  29.7 
7.4 31.5 
7.0 30.8  
6 .8  31.2  
7.2 28.0  
6.6 25.6  
5 .0  32.4 
4.4 29.0  
5.6 29.6  
4.1 29.2  
4.6 28.1  
4.5 28.0  
2 .9  47.6 
3.7 43.0 
3.6 41.0 
0.080 19.495 
0.080 20.677 
0.078 20.217 
0.301 20.480 
0.299 18 .379 
0 .290 16.804 
1 .246 21.267 
1 .246 19.036 
1 .286 19.429 
2 .686 19.167 
2 .648 18.445 
2 .725 18 .379 
4.853 31.245 
4 .957 28.225 
4 .879 26.912 
Table l4» (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no, % (lb/ft3) (in) (fpm) 
I 1 L 1 a 14.9 98.0 4 55.2 
b 55.6 
c 54.5 
I 1 L 2 a 112 
b 116 
c 112 
I 1 L 3 a 212 
b 221 
0 222 
I 1 L 4 a 341 
b 347 
o 347 
1 1 L 5 a 4l6 
b 4l3 
c 410 
Shear Average „2 p 
failures draft  ^ —? 
per foot (lb)  ^ wD'^  
6.4 47.2 
6.0  34.4 
5.4 35.0 
5.2 34.0 
5.2 42.4 
5.0 44.0 
4.6 46.4 
4.2 45.6 
4.8 37.4 
3.2 55.0 
2.7  51.4 
3.6 53.6 
2.6  56.0  
2.4 58.0  
3.0 43.6 
0.079 13.004 
0.080 9.477 
0.077 9.643 
0.325 9.367 
0.348 11,681 
0.325 12.122 
1.163 12.783 
1.264 12.563 
1 .276 10.304 
3 .009 15.153 
3 .116 14 .161 
3 .116 14 .767 
4.479 15.428 
4.4l4 15.979 
4.350 12.012 
Table l4. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. fo (lb/ft3) (in) (fpm) 
12 8 1a 17.3 95.7 2 43.7 
b 42.9 
c 44.2 
1 2  8 2 a  80.0  
b 80.0 
o 81,6  
12 8 3a 162 
b 161 
c 149 
12 8 4a 237 
b 240 
. c 240 
12 8 5a 337 
b 333 
o 337 
Shear Average ,,2 „ 
failures draft  ^ -A? 
per foot (lb) ® wD 
8.2 
7.2 
7.4 
20.1 
19.4 
18.4 
6.4 
10.0 
9.5 
19.3 
19.5 
18.0 
!>
-
!>
-
CO 
19.2 
19.1 
18.2 
1:2 
5.2  
22.0 
21.5 
22.2 
'4.3 
4.8 
4.5 
25.7 
23.5 
23.9 
0.099 45.366 
0.095 43.786 
0.101 41 .529 
0.331 43.560 
0.331 44.012 
0 .345 40 .626 
1 .360 43.334 
1 .345 43.109 
1 .148 41 .077 
2 .907 49.654 
2 .981 48.526 
2 .981 50.105 
5 .878 58.005 
5.740 53.040 
5.878 53.942 
Table l4. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. fo (lb/ft3) (in) (fpm) 
I 2 M 1 a 17.3 95.7 3 52.5 
b 52.2 
o 52.2 
I 2 M 2 a 107 
b 108 
0 107 
I 2 M 3 a 194 
b 193 
o 197 
I  2  M 4  a  311 
b 296 
o 300 
I 2 M 5 a 385 
b 400 
c 400 
Shear Average „2 „ 
failures draft  ^ —? 
per foot (lb) ° wD 
'v 6.0  
30.5  
30 .6  
29.6  
0 .095 
O.O89 
0 .094 
20 .397 
20 .464 
19 .795 
5.8 
28.8  
29.1  
24 .8  
0 .395 
0.403 
0.395 
19.260 
19 .461 
16.585 
4.6 35.9  
33 .5  
33 .1  
1 .299 
1.285 
1.339 
24.008 
22.403 
22.136 
4 .8  
4.5 
3.8  
35 .4  
34 .7  
34 .2  
3 .338 
3 .023 
3.106 
23.674 
23 .206 
22 .872 
3.4 
3.6 
2.4 
39.0  
39 .4  
38.8  
5.115 
5.521 
5 .521 
26.082 
26 .349 
25 .948 
Table 14. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (Ib/ft^ ) (in) (fpm) 
I 2 L 1 a 16.8 100.0 4 6l.8 
b 61.5 
0 61.2 
I 2 L 2 a 120 
b 121 
o 121 
I 2 L 3 a 219 
b 219 
o 221 
I 2 L 4 a 337 
b 346 
c  339 
I 2 L 5 a 4ll 
b 409 
c  408 
Shear Average „2 „ 
failures draft —? 
per foot (lb) ® wD 
3.8  67.6  
4 .5  66.0  
4 .8  61,6  
3 .8  66.0  
4 .3  64 .0  
5 .3  59 .2  
3 .8  53 .2  
4 .0  54 .4  
3 . 5  51.2  
2 .4  66.8  
2 .8  63 .6  
2 .6  59 .2  
2 .6  63.2  
1 .8  58 .4  
2 .2  69.6  
0.099 18.252 
0.098 17.820 
0 .097 16.632 
0 .373 17.820 
0.379 17.280 H 
0.379 15.984 
1.241 14.364 
1.241 14.688 
1.264 13.824 
2 .939 18.036 
3 .098 17.172 
2.974 15.984 
4.372 17.064 
4 .329 15.768 
4 .308 18.792 
Table l4. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no, % (Ib/ft^ ) (in) (fpm) 
I 3 S 1 a 18.4  109.0 2 44.7 
b 43.6 
0 43.9 
13 8 2a 78.4 
b 78.4 
c 78.4 
I 3 S 3 a l6l 
b 158 
o 157 .  
I  3  8  4  a  233 
b  233 
o  234 
13 8 5a 324 
b 315 
c 3l4 
Shear Average „2 „ 
failures draft —? 
per foot (lb)  ^ wD 
10.2  
12.0  
14.4 
29.1  
28.4 
29.2  
10.4 
11.6  
10.0  
26.5  
27 .5  
26.7  
8 .6  
7 .8  
8 .4  
28.0  
27.0  
28.0  
6 .2  
6 .0  
30.6  
27.0  
26.2  
4 .9  28 .7  
27.0  
27.0  
0.103 57.666 
0.099 56 .279 
0.100 57.864 
0.318 52.514 
0.318 54 .495 
0 .318 52 .910 
1 .342 55 .486 
1 .292 53.505 
1 .275 55:486 
2 .810 60.638 
2.810 53.505 
2.834 51 .919 
5 .434 56.873 
5.136 53.505 
5.103 53.505 
Table 14. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. %• (lb/ft3) (In) (fpm) 
I 3 M 1 a 18.4 106.0 3 50.0 
b 53.5 
o 50.6  
I 3 M 2 a 98.9 
b 97.9  
o  98 .3  
I 3 M 3 a 190 
b 204 
c 204 
I 3 M 4 a 291 
b 298 
o 292 
I 3 M 5 a 396 
b 394 
c 394 
Shear Average „2 „ 
failures draft —= —? 
per foot (lb) ® wD'^  
9.6  34.4 0.086 20.770 
12.0 34.6 0.099 20.890 
12.8 34.7  0 .088 20.951 
7 .0  34.4 0.338 20.770 
7 .8  31.6  0.331 19.079 
7 .6  34.0 0.334 20.528 
5 .1  37 .4  1.246 22.581 
5 .4  35 .2  1.436 21.253 
4.6 34.2  1.436 20.649 
4 .2  37 .4  2 .922 22.581 
3 .9  37 .0  3 .065 22 .339 
4.1 34.4 2.943 20.770 
3 .2  49.0 5.412 29 .585 
3 .7  44.6 5.357 26.928 
3.0 43.8  5 .357 26.445 
Table l4. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (in) (fpm) 
I 3 L 1 a 
b 
c 
I 3 L 2 a 
b 
c 
I 3 L 3 a 
b 
o 
I 3 L 4 a 
b 
I 3 L 5 a 
b 
o 
18.4  106.0 
18.3  103.0 4 
55.1  
54.4 
54,4  
120 
120 
120 
231 
228 
233 
333 
333 
436 
439 
441 
Shear Average „2 p 
failures draft —^   ^
per foot (lb) ® wD-^  
6.4  44 .0  
8 .6  41 .2  
7 .8  36.4  
6 .0  38 .4  
6 .2  32 .4  
5 .0  50.8  
3 .8  51.0  
3 .4  49 .7  
4 .0  46 .2  
3 .5  51.2  
2 .7  60.4  
2 .5  71.0  
2 .3  63.6  
2 .4  62.4  
0.079 11.208 
0.077 10 .494 
0 .077 9 .272 
0 .373 9 .781 
0 .373 8 .253 
0.373 12.940 
1.381 12.991 
1 .345 12.660 
1 .405 11.768 
2 .870 13.042 
2 .870 15.385 
4 .920 18.085 
4 .988 16.200 
5 .033 15.895 
Table l4, (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (in) (fpm) 
14 8 1a 20.1 110.3 2 45.0 
b 45.3 
o 45.2 
1 4  8 2 a  81.2 
b 80.0 
c 81.0 
14 8 3a 163 
b 165 
o 162 
1 4 8 4 a 235 
b 231 
o 233 
14 8 5a 327 
b 324 
o 328 
Shear Average „2 p 
failures draft —? 
per foot (lb) ® wD^  
10.8  
14.3 
15.5 
24.2 
25.1 
22.7 
12.8  
9.0 
10.0  
24.6 
23.9  
25.3  
8 .0  
7.5 
7.5 
27.0  
26.4  
25.3  
5.4 
6.0 
5.8 
33.2 
31.8  
34.4 
5.0 
4.0 
4.3 
32.6  
33.4 
32.2  
0 .105 48.605 
0 .106 49.153 
0 .106 44.453 
0.341 48.174 
0.331 46.803 
0.340 49.545 
1.375 52.874 
1.409 51.699 
1.358 49.545 
2.858 65.016 
2 .762 62.274 
2 .810 67.366 
5.535 63.841 
5.434 65.407 
5.569 63.057 
Table l4. (Continued) 
Moisture Volume plow 
Run content weight size Speed 
no. fo (Ib/ft^ ) (in) (fpm) 
I 4 M 1 a 20.1 110.3 3 53.4 
b 53.2 
O 53.2 
I 4 M 2 a 104 
b 103 
c 106 
I 4 M 3 a 203 
b 206 
o 205 
I 4 M 4 a 306 
b 297 
o 302 
I 4 M 5 a 38? 
b 387 
c 394 
Shear Average „2 g 
failures draft -—? 
per foot (lb) ® wD"^  
7.5  39.6  
7 .3  41.0 
6.5  38 .5  
5 .2  40.8 
5.4 37.6  
6.0 37.6  
6 .2  37 .6  
4 .0  42 .6  
4.6 42.2  
3 .8  44.4 
3.8  43.0 
4.2 40.4 
3.4 58.2  
3 .6  54.4 
2.6  49 .8  
0 .098 22.976 
0.097 23.788 
0.097 22 .338 
0 .373 23.672 
0 .366 21.816 
0.388 21.816 
1.422 21.816 
1.464 24 .717 
1.450 24.484 
3.231 25.761 
3.044 24.949 
3.147 23.440 
5.168 33.767 
5 .168 31.563 
5 .358 28.894 
Table l4. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (in) (fpm) 
I 4 L 1 a 19.1 • 109.2 4 62.7 
b 63.2  
c 62.4 
I 4 L 2 a 120 
b 121 
c 120 
I 4 L 3 a 222 
b 227 
o 220 
I 4 1 4 a 334 
b  338 
c  337 
I 4 L 5 a 411 
b 4l6 
o 428 
Shear Average ,,2 % 
failures draft —? 
per foot (lb) ® wD"^  
5.8  56 .0  
4.6 ' 46.0 
5.6  50.0 
4.4 45.6 
5.0  55 .6  
5 .5  52.8  
3 .4  62.0  
3 .6  56.0 
3.2  50.0 
3.3  76.4  
2 .8  67.6 
3.0  65.2  
2 .4  66.0 
2.8  67.2  
2 .3  64.0 
0.102 13.849 
0.103 11.376 
0.101 12.365 
0.373 11.277 
0.379 13.750 
0.373 13.057 
1.276 15.333 
1 .334 13 .849 
1.253 12.365 
2.887 18.894 
2.957 16.718 
2.939 16.124 
4.372 16.322 
4.479 16.619 
4.741 15.827 
Table l4. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (in) (fpm) 
15 8 1a  21.0 112.5 2 42.0  
b 41.7  
o 41.4 
15 8 2a 78.8 
• b 78.2 
c 78.8 
I 5 S 3 a 163 
b l64 
o 163 
1 5  8  4  a  240 
b 241 
c 247 
I 5 8 5 a 329 
b 328 
o 325 
Shear Average 2^ „ 
failures draft —^  —? 
per foot (lb)  ^ wD-^  
9.8  21.4 0.091 41.088 
14.3 21.4  0.090 41.088 
12.8 19.2  0 .089 36.864 
10.2 19.7  0 .321 37 .834 
8.0 20.3  0.317 38.976 
9 .2  20.0 0.321 38.400 
7.0 24.0  1 .375 46.080 
6.8  22.0 1.392 42 .240 
6 .3  20 .3  1.375 38.976 
4.6 27.9  2 .981 53 .568 
6.5 25.7  3.006 49.344 
5.0 24.3  3 .158 46,656 
4.8  28 .7  5 .603 55 .104 
4.0 26.7  5 .569 51.264 
4.6 26.7  5 .467 51 .264:  
Table l4, (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. V % (lb/ft3) (In) (fpm) 
I 5 M 1 a 21.7 113.3 3 52.9 
b 52.6  
o  52 .7  
I 5 M 2 a 103 
b 103 
c 103 
I 5 M 3 a 200 
b 201 
o 200 
I 5 M 4 a 296 
b 303 
o 303 
I  5  M 5  a  387 
b  400 
o 392 
Shear Average ,,2 p 
failures draft -—? 
per foot (lb) ® wD 
5.8  27.8  
9 .0  27 .3  
10.0 27.5  
6 .2  28 .9  
8 .8  27 .9  
8 .3  27 .4  
5 .6  31 .2  
5 .3  45 .5  
5 .3  40.0 
3.8  46.1 
3.5  39 .7  
3 .8  41.4 
3.3  47.0  
4.0 46.0 
3.0  59 .4  
0.097 15.704 
0.096 15.422 
0.096 15.535 
0 .366 16.326 
0.370 15.761 
0.366 15.478 
1.380 17.625 
1.394 25.703 
1.380 22 .596 
3 .023 26.042 
31168 23.387 
3.168 23.387 
5.168 26.550 
5.521 25.985 
5.302 33.555 
Table 14. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (in) (fpm) 
I 5 L 1 a 21.0 115.4 4 62.6 
b 62.1 
c 6l.6 
I 5 L 2 a 116 
b 116 
c ll4 
I 5 L 3 a 2l6 
b 220 
o 220 
I 5 L 4 a 347 
b 347 
o 337 
I 5 L 5 a 459 
b 446 
c 469 
Shear Average „2 „ 
failures draft —? 
per foot (lb) .< ® wD-^  
4.6  59*4 0 .101 13.899 
6 .0  47.6  0 .100 11.138 
5.0  52 .4  0.098 12.261 
5 .3  67.4  0 .348 15 .772 
5 .0  73 .0  0 .348 17.082 
5 .2  50.0  0 .336 11.700 
3 .4  60.6 1.208 14.180 
4 .5  53 .8  1 .253 12.589 
4 .0  61.0 1.253 14 .274 
2 .8  76.0 3.116 17 .784 
2 .6  66.5 3.116 15.561 
3 .8  63.0  2 .939 14 .742 
3 .0  60.0 5.452 l4 .o4o 
3 .3  49 .5  5 .148 11 .583 
2 .8  56.4  5 .693 13.198 
Table l4. (Continued) 
Moisture Volume Plow-
Run content weight size Speed 
no. % (Ib/ft^ ) (In) (fpm) 
I 6 S 1 a 21.9 123.2 2 44.2 
b 44.2 
o 44.6 
I 6 s 2 a 79.4  
b  79 .2  
o  79 .2  
I 6 S 3 a 167 
b 167 
0 169 
I 6 S 4 a 236 
b 237 
o 237 
I 6 S 5 a 331 
b 333 
o  333 
Shear Average 2^ „ 
failures draft — 
per foot (lb)  ^ wD 
15.5 23.2  0.101 40.674 
11.5 22.2  0.101 38.921 
13.0  21.9 0.103 38 .395 
12.8 23.1 0.326 40 .499 
10.3 21.3  0 .32$ 37 .343 
14.8 22.3  0 .325 39.096 
7.0 25.4 1.444 44.531 
6 .8  24.0 1.444 42.077 
7.5 23.5  1 .478 41.200 
7.0 26.4 2.883 46.284 
7.5 27.0  2 .907 47 .336 
6 .3  25.0 2.907 43 .830 
5.4 29.3  5.671 51.369 
.4.4 27.7  5.740 48.564 
5.2 27.6  5 .740 48 .388 
Table 14. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % Clb/ft3) (in) (fpm) 
I 6 M 1 a 22.1 112.9 3 54.5 
b 53.2  
o 53.4 
I 6 M 2 a 105 
b 105 
c 105 
I 6 M 3 a 195 
b 198 
o  199 
I 6 M 4 a 291 
b 288 
o  285 
I 6 M 5 a 400 
b 403 
0 402 
Shear Average „2 „ 
•failures draft  ^ —? 
per foot (lb) ® wD"^  
7.8  34.6 0.103 19.615 
9.3  32 .5  0 .098 18.424 
10.8 30.0 0.098 17.007 
8.0 33.5  0 .380 18.991 
8.3  30 .5  0 .380 18.991 
9.3  29.8  0 .380 16.894 
5.5 43.6 1.312 24.717 
5.8  39 .6  1 .353 22 .449 
6.5 35.0  1.367 19.842 
4.4 45.0  2 .922 25.511 
3.8  40.6 2.862 23.016 
3 .5  6o. 8 2.803 34.468 
3.5  59 .0  5 .521 33 .447 
3.3 52.4 5.604 29.706 
3 .0  52 .0  5 .576 29.479 
Table l4. (Continued) 
Run 
no. 
Moisture Volume 
content weight 
% (lb/ft3) 
Plow 
size 
(in) 
Speed 
(fpm) 
Shear 
failures 
per foot 
Average 
draft 
(lb) 
vf . 
gD 
E 
wD^  
I 6 L 1 a 22,6 112.4 4 64.8 5.3 46.4 0.109 11.145 
b 64.1 7.8 46.0 0.106 11.049 
c 64.8 7.5 42.0 0.109 10.088 
I 6 L 2 a ll6 6.0 46.0 0.348 11.049 
b ll4 7.0 43.6 0.336 10.473 
c 115 6.5 48.0 0.342 11.530 
I 6 L 3 a 221 3.6 54.0 1.264 12.971 
b 221 4.4 49.4 1.264 11.866 
c 224 3.0 47.2 1.299 11.337 
I 6 L 4 a 293 4.3 56.6 2.222 13.595 
b 316 2.8 86.0 2.584 20.657 
c 333 3.0 74.6 2.870 17.919 
I 6 L 5 a 428 3.0 84.0 4.741 20.177 
b 434 2.5 82.0 4.875 19.696 
c 436 3.3 81.0 4.920 19.456 
Table 15. Experimental data from tests in Colo clay loam 
Run 
no. 
Moisture Volume Plow 
content weight size 
% (Ib/ft^ ) (in) 
8peed 
Cfpm) 
Shear 
failures 
per foot 
Average 
draft 
( lb)  
v^  
gD 
R 
wD^  
c 18 1 a 18.6 95.7 2 42.8 19.5 32.3 0.094 72.679 
b 42.3 15.8 32.7 0.093 73.807 
c 42.0 16.5 30.0 0.091 67.713 
c 18 2 a 78.0 10.6 34.5 0.315 77.870 
b 78.8 10.8 32.4 0.321 73.130 
c 78.7 10.4 30.5 0.321 68.842 
G 18 3 a l6l 7.4 38.7 1.342 87.350 
b 158 7.6 35.0 1.292 78.999 
0 i6o 8.8  35.7 1.325 80.578 
C 18 4 a 253 7.8 31.3 3.313 70.647 
b 253 6.5 30.0 3.313 67.713 
c 246 6.5 29.8  3.132 67.262 
C 18 5 a 332 4.4 33.3 5.705 75.161 
b 333 5.0 30.7  5.740 69.293 
c 324 5.4 31.3 5.434 70.647 
Table 15o (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. fo (lb/ft3) (in) (fpm) 
C 1 M 1 a 18.0 88.4  3 52.9 
b 52.4  
o  52 .4  
C 1 M 2 a 103 
b 104 
c 104 
C 1 M 3 a 203 
b 207 
o 203 
C 1 M 4 a 291 
b 294 
c 288 
C 1 M 5 a 392 
b 395 
c 396 
Shear Average ,,2 p 
failures draft —rr —? 
per foot (lb) ® wD 
12.0 29.4  0 .097 21.286 
10.5 30.0 0.095 21.720 
12.5 28.0  0 .095 20.272 
9 .3  31.3 0.366 22.661 
9 .8  30 .9  0 .373 22 .372 
10.0 28.8  0 .373 20.851 
6.4 32.0  1 .422 23.168 
4.8  42.0 1.479 30.408 
4.5 39.7  1.422 28.743 
4.0 46.4 2.922 33 .594 
4.4 42.0  2 .983 30.408 
4.0 40.0 2.862 28.960 
3.7 43.0 5.302 31 .132 
4.0 40.8 5.384 29 .539 
4.3 50.0 5.411 36.200 
Table 15. (Continued) 
Run 
no. 
Moisture Volume 
content weight 
% (lb/ft3) 
Plow 
size 
(In) 
Speed 
(fpm) 
c 1 L 1 a 17.9 87.0 4 65.2 
b 64.8 
0 64.6 
c 1 L 2 a 119 
b 120 
c 118 
G 1 L 3 a 227 
b 227 
c 225 
C 1 L 4 a 347 
b 339 
c 333 
C 1 L 5 a 436 
b 446 
c 447 
Shear Average 2^ „ 
failures draft pjT —? 
per foot (lb)  ^
8.0  
7.4 
8.6 
42.0 
41.0 
39.0  
0.110 
0.109 
0.108 
13.033 
12.722 
12.102 
6.8 
5 • 2 
5.3 
42.0 
46.0 
48.4 
0.367 
0.373 
0.360 
13.033 
14.274 
15.019 
4.5 • 
3.8 
5.0 
54.8 
47.6  
50.0 
1.334 
1.334 
1.310 
17.004 
14.770 
15.515 
3.2 
3.4 
3.4 
59.4 
63.4 
57.0 
3.116 
2 .974 
2.870 
18.432 
19.673 
17.687 
0
 0
 C
O 71.2 
68.4 
66.6 
4.920 
5.148 
5.171 
22.093 
21.225 
20.666 
Table 15. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. fo (lb/ft3) (in) (fpm) 
C 2 S 1 a 21.2 94.5  2 41.2 
b 43.9 
o 43 .7  
C 2 S 2 a ' 81.6  
b  80 .5  
c 81.0 
C 2 S 3 a 154 
b 156 
c 154 
C 2  8  4  a  233 
b  231 
o 234 
C 2  8  5  a  327 
b  333 
o 327 
Shear Average „2 „ 
failures draft —? 
per foot (lb) ° wD 
13.3  
15.0  
13.0  
33 .2  
32.4  
30.5  
11 .0  
13.5  
12 .3  
33 .7  
32.0  
31 .5  
7 .5  
8 .0  
7 .8  
36.2  
34 .4  
35 .0  
5 .5  
6 .0  
5 .3  
41 .0  
41 .0  
40 .3  
3 .8  
3 .5  
3 .3  
41 .3  
41 .7  
41 .5  
0.097 75.885 
0.100 74.057 
0 .099 69.714 
0 .345 77 .028 
0 .335 73 .142 
0 .340 72.000 
1 .228 88.742 
1 .260 78.628 
1.228 80.000 
2.810 93 .714 
2.762 93.714 
2.834 92 .114 
5.535 94.399 
5.740- 95.314 
5.535 94 .857 
Table 15. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (Ib/ft^ ) (In) (fpm) 
C 2 M 1 a 20.5 91.1 3 52.2 
b 51.6 
o  52 .2  
C 2 M 2 a 97.1 
b 97.7  
o 98.0  
C 2 M 3 a 187 
b 180 
o 189 
C 2  M 4  a  285 
b 286 
o 289 
C 2  M 5 a 380 
b  370 
c  371 
Shear Average „2 „ 
failures draft pf; —? 
per foot (lb) ° wD 
9.5 48.0  
10 .3  43 .0  
7 .0  42 .0  
^7.8  46 .2  
,7 .3  46 .0  
8 .0  43.6  
5 .4  45 .4  
5 .3  66.2  
4 .3  66.8  
4 .0  68.0 
3.8  61.6 
4 .3  63.0  
3 .5  66.2 
3 .5  87.2  
3 .0  74 .4  
0.094 33.720 
0.092 30.208 
0.094 29.505 
0.325 32.456 
0.329 32.315 
0.331 30.629 
1.207 31.894 
1.118 46.506 
1.233 46.927 
2.803 47.770 
2.823 43 .274 
2.882 44.258 
4.983 46.506 
4.724 61.258 
4.750 52.266 
Table 15. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (Ib/ft^ ) (in) (fpm) 
C 2 L 1 a 20.5 91.8 4 64.2  
b 64.0 
c 64.8 
C 2 L 2 a 114 
b 115 
c 109 
C 2 L 3 a 218 
b 224 
o  225 
C 2 L 4 a 331 
b 334 
o  334 
C 2 L 5 a 412 
b 402 
c 4l6 
.Shear Average „2 % 
failures draft —? 
per foot (lb) ® wD'^  
4.6 64.8  0 .107 19.058 
4.4 53.2  0.106 15.646 
5.2 51.2 0.109 15.058 
4.3 73.2  0 .336 21.528 
4 .8  68 .8  0 .342 20 .234 
6 .0  69.2  0.308 20.352 
4.5 76.8  1.230 22.587 
4.0 100.8  1 .299 29 .645 
4 .0  89.6  1.310 26.351 
2.4 112.0 2.835 32 .933 
2 .8  92 .0  2 .887 27 .057 
3.2 86.8  2 .887 25.528 
2 .0  115.2 4.404 33.880 
3 .0  108.0 4.182 31.763 
2 .8  107.2  4.489 31.528 
Table 15. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (in) (fpm) 
C 3 S 1 a 22.6 101.4  2 43.?  
b  43 .7  
0 43.2 
C 3  8  2  a  79 .7  
b  79 .7  
o  79 .0  
C 3 S 3 a l6o 
b 160 
c 160 
C 3  8  4  a  228 
b  229 
G 229  
C 3  8  5  a  333 
b  333 
c 338 
Shear Average ..2 „ 
failures draft  ^ —? 
per foot (lb)  ^ wD^  
12.8  44 .4  
10.4  49.4  
10.2 52.0  
10 .3  55 .0  
9 .8  63 .4  
10.0 65.0  
5 .8  64 .0  
7 .0  69.0  
6 .2  61.8  
4 .8  78.6  
4 .3  56.8  
5 .3  56.4  
4 .6  63.4  
4.0 60,0  
3 .8  57 .0  
0 .099 94 .581 
0 .099 105.232 
0 .097 110.770 
0 .329 117.161 
0 .329 135.055 
0 .323 138.463 
1 .325 136.333 
1 .325 146.984 
1 .325 131.646 
2 .691 167.434 
2.714 120.995 
2.714 120.143 
5.740 135.055 
5 .740 127.812 
5.913 121.421 
Table 15. (.Contlnue.d) 
Moisture Volume Plow 
Run. content weight size Speed 
no. fo • (Ib/ft^ ) (In) (fpm) 
C 3  M 1  a  21 .9  92 .3  3  53 .2  
b 53.1 
o 53 .3  
C 3  M 2  a  99'2  
b  99 .2  
c 100 
C 3  M 3  a  202 
b  203 
o  203 
C 3 M ^  a 280 
b 294 
O 295 
C 3  M 5  a  361 
b 361 
o 367 
Shear Average „2 % 
failures draft —? 
per foot (lb) ® wD'^  
5.8  63.2  0 .098 43 .823 
7.8 60.4  0 .097 41.881 
6.0 58.4  0 .098 40 .495 
6 .3  66.4 0.340 46.042 
7.5 60.0 0.340 4l.604 
6.0 60.0 0.345 4l.6o4 
3.2  78.8  1.408 54.640 
3.8  84.0 1.422 58.256 
4 .0  76 .0  1 .422 52.698 
2 .3  80.8  2 .705 56.027 
3.5 70.8  2 .983 49 .093 
3 .3  73 .6  3 .003 51.034 
2.5  133.6  4 .497 92.638 
3.5 116.4  4 .497 80.712 
2 .5  112.0 4.648 77.661 
Table 15. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. fo (Ib/ft^ ) (in) (fpm) 
G 3 L 1 a 22.3 94.0 4 63.2 
b 62.7  
o  63 .7  
G 3 L 2 a 117 
b 117 
c 116 
C 3  L 3  a  219 
b  215 
c 221 
C 3 L 4 a 313 
b 325 
o  327 
C 3  L 5  a  387 
b  387 
o 407 
Shear Average ,,2  ^
failures draft -—? 
per foot (lb) ® wD 
4.2  90.4 0.103 25 .963 
6.6 77.2  0.102 22.172 
5.3 108.8 0.105 31.247 
4.3 108.8 0.354 28 .375 
4.5 98.8  0 .354 28 .375 
5.3 100.0 0.348 28.720 
3.8 93.2  1.241 26.767 
3.2 134.0 1.196 38 .485 
3.5 124.0 1.264 35.613 
3 .2  132.8 2.535 38 .140 
2 .6  121.2  2 .734 34 .809 
3.0 117.6  2 .767 33 .775 
2 .5  130.0 3.876 37 .336 
4.3 116.8 3.876 33 .545 
3.3 103.2 4.287 29.639 
Table 15. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (in) (fpm) 
C 4  8  1  a  23 .9  96 .8  2  44 .2  
b 44.4 
c 44.1  
C 4 S 2 a 79.2 
b 79.5 
c 80.p 
C 4 S 3 a 165 
b 165 
c l64 
C 4 S 4 a 235 
b 235 
o 235 
c 4 S 5 a 300 
b 321 
o 321 
Shear Average „2 „ 
failures draft —^ —? 
per foot (lb) ° wD'^ 
12.3  41.6 
11.3 41.8 
9.8  40.6 
8.0 46.2  
10.0 45.0  
9 .5  46 .2  
7 .8  54.6 
6.5  49 .4  
6 .8  45.4 
5.5  81.0 
4,5 68.0 
5.8  82 .4  
5 .5  97 .2  
4 .5  76.0  
5 .3  93 .2  
0.101 92.826 
0.102 93.273 
0.101 90.595 
0.325 103.091 
0.327 100.413 
0.331 103.091 
1.409 121.834 
1.409 110.231 
1.392 101.306 
2.858 180.743 
2.858 151.735 
2.858 183,867 
4 .658 216.892 
5.333 169.586 
5.333 207.967 
Table 15. (Continued) 
Moisture Volume Plow 
Run content weight size 
no. % (lb/ft3) (in) 
C 4 M 1 a 23.3 96.9 3 
b 
c 
G 4 M 2 a 
b 
c 
C 4 M 3 a 
b 
c 
C 4 M 4 a 
b 
c 
C 4 M 5 a 
b 
c 
Shear Average „2 „ 
Speed failures draft —? 
(fpm) per foot (lb) S wD 
51.0 6.5 73.0  0.090 48.217 
51.6 6,8 76.8  0.092 50.726 
51.3  5 .0  84.0 0.092 55 .482 
102 6.5 94.0 0.359 62 .087 
102 6.8  85.6  0 .359 56 .539 
102 6.0 83.2  0 .359 54.954 
195 4.6 92.0  1.312 60.766 
196 4.4 118.4 1.326 78 .203 
193 4.0 116.8 1.285 77.146 
276 3.3 124.0 2.629 81.902 
288 3.3 127.2 2.862 84.016 
297 4 .3  108.2 3.044 71.334 
373 2 .8  121.2 4.009 80 .053 
341 3.3 168.8  4.013 111.492 
359 2.5 131.2 4.447 86.658 
Table 15. (Continued) 
Run 
no .  
Moisture  Volume 
content  weight  
% ( lb / f t3)  
Plow 
s ize  
( in)  
Speed 
( fpm) 
Shear  
fa i lures  
per  foot  
Average  
draft  
( lb)  
^2 
gD 
R 
wD^ 
c 4 L 1 a 22.6  94 .0  4 65.7  3 .2  146.0  0.112 41.931 
b  65 .2  3 .8  118.0 0.110 33.890 
c  65 .0  3 .6  128.0  0.109 36.762 
c 4 L 2 a 120 4.3 123.0 0.373 35 .326 
b  121 3.5 123.0 0.379 35 .326 
c  120 2.8  123.0 0.373 35 .326 
c 4 L 3 a 221 2 .4  123.0 1.264 35.326 
b  228 3.2 103.0  1.345 29.582 
c  222 2 .0  123.0  1.276 35.326 
c 4 L 4 a 313 2.3 137.0  2 .535 39 .346 
b  321 2.0 115.0 2.667 33 .028 
c  327 2 .3  107.5 2.767 30.874 
c 4 L 5 a 377 1 .8  164.0 3.678 47.101 
b 364 2 .0  148.0 3.429 42 .506 
c  380 2 .3  138.0  3 .737 39 .634 
Table l6. Experimental data from tests in Luton sllty clay 
Run 
no. 
Moisture Volume 
content weight 
fo (lb/ft3) 
PI ow 
size 
(in) 
Speed 
(fpm) 
Shear 
failures 
per foot 
Average 
draft 
(lb) 
v2 
gD 
R 
wD^  
L 1 S 1 a 
b 
c 
20.2 83.4 2 44.7 
44.4 
44.4 
17.3 
17.0 
19.0 
24.6 
27.9 
28.5 
0.103 
0.102 
0.103 
63.712 
72.258 
73.812 
L 1 S 2 a 
b 
c 
78.6 
78.6 
79.4 
11.3 
12.5 
12.5 
33.6 
35.8 
32.0 
0.320 
0.320 
0.326 
87.021 
92.718 
82.877 
L 1 S 3 a 
b 
c 
163 
159 
159 
11 
7.8 
39.7 
35.0 
35.4 
1.375 
1.309 
1.309 
102.819 
90.647 
91.683 
L 1 S 4 a 
b 
0 
225 
233 
235 
f'9 4.6 
4.2 
37.6 
39.8 
39.2 
2.620 
2.810 
2.858 
97.380 
103.078 
101.524 
L 1 S 5 a 
b 
c 
326 
323 
326 
3.2 
4.2 
4.4 
44.0 
41.6 
46.6 
5.501 
5.400 
5.501 
113.956 
107.740 
120.689 
A 
Table l6. (Continued 
Moisture Volume Plow 
Run content weight size Speed 
no. fo (lb/ft3) (in) (fpm) 
L 1 M 1 a 20.2 83.4 3 52.? 
b 52.6 
o 52.3 
L 1 M 2 a 98.5 
b 99.0 
o 97.7 
L 1 M 3 a 19.4 82.0 201 
b 200 
o 197 
L 1 M 4 a 288 
b 291 
c 295 
L 1 M 5 a 391 
b 390 
o 398 
Shear Average ,,2 % 
failures draft —— — 
per foot (lb) wD'^  
12.0 26.6 
12.3 33.4 
12.5 39.5 
9.0 42.8 
8.8 44.8 
ÏDO.O 38.0 
3.6 49.6 
4.4 48.6 
5.6 48.0 
5.4 59.0 
4.8 56.4 
3.8 57.2 
4.3 64.0 
3.8 54.6 
4.3 59.4 
0,096 20.413 
0.096 25.631 
0.094 30.312 
0.335 32.845 
0.338 34.380 
0.329 29.161 
1.394 38.713 
1.380 37.932 
1.339 37.464 
2.862 46.050 
2.910 44.020 
3.003 44.645 
5.275 49.952 
5.248 42.615 
5.466 46.362 
Table l6. (Continued) 
Moisture Volume Plow Speed 
Run content weight size (fpm) 
no. fo (lb/ft3) (In) 
L 1 L 1 a 
b 
c 
19.4 
L 1 L 2 a 
b 
0 
L 1 L 3 a 
b 
c 
L 1 L 4 a 
b 
c 
19.4 
L 1 L 5 a 
b 
o 
82.0 
81.2 
64.3 
63V7 
64.1 
114 
114 
115 
225 
228 
223 
333 
339 
334 
409 
426 
426 
Shear Average ,,2 p 
failures draft —r —? 
per foot (lb) ® wD-^  
7.2 45.2 
8.2 47.0 
9.6 43.0 
8.3 48.5 
51.4 
6.5 51.4 
8.7 51.0 
4.2 63.2 
5.2 57.4 
4.2 69.2 
3.2 72.0 
4.2 68.6 
5.0 78.0 
4.5 73.2 
4.3 73.4 
0.107 14.884 
0.105 15.477 
0.106 14.160 
0.336 15.971 
0.336 16.926 _ 
0.342 16.926 
•VJO 
1.310 16.794 
1.345 20.812 
1.287 18.902 
2.870 23.009 
2.974 23.940 
2.887 22.810 
4.329 25.935 
4.697 24.339 
4.697 24.406 
Table l6. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. fo (lb/ft3) (in) (fpm) 
L 2 S 1 a 22.4 81.6 2 44.? 
b 44.7 
o 44.7 
L 2 S 2 a 79.6 
b 79.7 
o ?9.3 
L 2 s 3 a 163 
b 161 
c 161 
L 2 S 4 a 233 
b 234 
c 217 
L 2 S 5 a 322 
b 322 
o 322 
Shear Average „2 „ 
failures draft —? 
per foot (lb) ® wD-^  
18.8 
18.5 
17.8 
33.2 
30.7 
29.2 
12.3 
13.8 
12.5 
32.4 
32.2 
32.3 
7.4 36.0 
36.6 
33.0 
5.8 
4.8 
5.2 
34.3 
38.7 
37.2 
4.0 
3.8 
5.2 
40.3 
38.5 
39.8 
0.103 87.884 
0.103 81.266 
0.103 77.295 
0.328 85.766 
0.329 85.237 
0.326 85.501 
1.375 95.296 
1.342 96.884 
1.342 87.354 
2.810 90.796 
2.834 102.443 
2.437 98.472 
5.367 106.678 
5.367 101.913 
5.367 105.355 
Table l6. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no, fo (lb/ft3) (in) (fpm) 
L 2 M 1 a 21.3 79.1 3 51.9 
b ' 52.2 
o 52.5 
L 2 M 2 a 104 
b 103 
c 104 
L 2 M 3 a 193 
b 189 
0 , 194 
L 2 M 4 a 295 
b 295 
o 293 
L 2 M 5 a 387 
b 386 
c 385 
Shear Average „2 „ 
failures draft —? 
per foot (lb)  ^ wD 
8.4 41.6 
9.6 45.0 
9.4 44.8 
7.0 50.0 
8.2 48.4 
7.4 48.0 
5.2 51.2 
5.2 58.4 
4.8 59,2 
3.2 70.4 
3.6 65.8 
3.0 67.0 
3.3 70.0 
3.2 64.2 
2.8 73.0 
0.093 33.659 
0.094 36 .410 
0.095 36.248 
0.373 40.455 
0.366 39.160 
0.373 38.837 
1.285 41.425 
1.233 47.251 
1.299 47.899 
3.003 56.961 
3.003 53.239 
2.962 54.210 
5.168 56.637 
5.141 51 .944 
5.115 59.064 
Table l6. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (in) (fpm) 
L 2 L 1 a 20,9 84.1 4 65.2 
b 64.6 
c 64.6 
L 2 L 2 a 120 
b 119 
c 120 
L 2 L 3 a 215 
b 217 
o 217 
L 2 L 4 a 326 
b 331 
o 334 
L 2 L 5 a • 413 
b 407 
c 411 
Shear Average „2 „ 
failures draft —? 
per foot (lb)  ^ wD-"^  
6.6 68.8 0.110 22.085 
7.2 58.0 0.108 18.618 
9.2 58.8 0.108 18.875 
6.3 63.2 0.373 80.287 
6.2 72.0 0.367 23.112 
6.0 79.2 0.373 25.423 
3.5 89.6 1.196 28.762 
3,3 90.0 1.220 28.890 
4.0 81,6 1.220 26.194 
3.0 110.8 2.750 35.567 
2.6 107.6 2.835 34.540 
2.2 102.0 2.887 32.742 
2.8 100.8 4.4l4 32.357 
2.5 99.6 4.287 31.972 
3.0 93.6 4.372 30.046 
Table l6. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. , % (lb/ft3) (in) (fpm) 
L 3 S 1 a 22.2 81.7 2 43.4 
b , 43.1 
c 43.2 
L 3 8 2 a 79.3 
b 79.0 
c 79.2 
L 3 S 3 a l6l 
b 160 
o 159 
L 3 s 4 a 238 
b 238 
o 237 
L 3 S 5 a 329 
b 324 
o 327 
Shear Average „2 „ 
failures draft —? 
per foot (lb) ® wD^  
14.8 
16.0 
16.7 
27.6 
28.8 
29.5 
12.5 
13.3 
13.0 
31.5 
33.3 
31.5 
7.4 
8.2 
6.4 
36.5 
37.0 
36.0 
6.0 
5.8 
5.3 
38.3 
38.2 
37.5 
4.0 
3.4 
3.8 
46.5 
45.0 
43.5 
0.098 72.969 
0.096 76.141 
0.097 77.992 
0.326 83.280 
0.320 88.039 
0.325 83.280 
1.342 96.499 
1.325 97.821 
1.309 95.177 
2.932 101.258 
2.932 100.993 
2.907 99.143 
5.603 122.937 
5.434 118.971 
5.535 115.005 
Table l6, (Continued) 
Moisture Volume Plow 
Run content weight size 
no. % (lb/ft3) (in) 
L 3 M 1 a 22.1 79.4 3 
b 
c 
L 3 M 2 a 
b 
c 
L 3 M 3 a 
b 
c 
L 3 M 4 a 
b 
c 
L 3 M 5 a 
b 
Speed . 
(fpm) 
Shear 
failures 
per foot 
Average 
draft 
(lb) 'gD 
R__ 
wD^  
54.7 
54.6 
54.5 
12.3 
11.3 
10.7 
63.0 
54.0 
49.4 
0.103 
0.103 
0.103 
50.778 
43.524 
39.816 
96.4 
96.4 
96.6 
7.8 
8.5 
9.0 
54.8 
56.4 
49.6 
0.321 
0.321 
0.322 
44.169 
45.458 
39.978 
202 
208 
202 
5.2 
4.0 
4.8 
56.6 
56.6 
59.2 
1.408 
1.493 
1.408 
45.620 
45.620 
47.715 
291 
290 
290 
4.0 
3.3 
3.8 
73.6 
71.0 
70.5 
2.922 
2.902 
2.902 
59.322 
57.226 
56.823 
391 
388 
385 
3.0 
3.3 
3.5 
75.6 68.6 
67.6 
5.275 
5.195 
5.115 
60.934 
55.292 
54.486 
Table l6. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no, fo (Ib/ft^ ) (in) (fpm) 
L 3 L 1 a 22.0 79.6 4 64.0 
b 63.6 
o 64.7 
L 3 L 2 a 118 
b 121 
o 113 
L 3 L 3 a 232 
b 226 
o 226 
L 3 L 4 a 332 
b 329 
o 330 
L 3 L 5 a 377 
b 392 
c 400 
Shear Average „2 „ 
failures draft —? 
per foot (lb) ® wD"^  
8.6 79.0 0.106 26.797 
8.8 73.0 0.105 24.762 
9.0 77.6 0.108 26.322 
5.8 78.0 0.360 26.458 
6.0 74.4 0.379 25.237 
6.3 74.8 0.331 25.372 
3.6 92.8 1.393 31.478 
4.0 91.0 1.322 30.867 
4.0 91.0 1.322 30.867 
3.6 93.2 2.767 31.613 
3.8 99.0 2.801 33.581 
3.2 102.0 2.818 34.598 
2.7 102.8 3.678 34.870 
2.9 103.2 3.977 35.005 
2.5 97.2 4.141 32.970 
Table l6. (Continued) 
Moisture Volume Plow 
Run content weight size , Speed 
no. % (lb/ft3) (In) (fpm) 
L 4 S 1 a 23.2 80.2 2 43.8 
b 43.9 
c 43.8 
L 4 s 2 a 79.7 
b 79.7 
0 80.1 
L 4 s 3 a l64 
b 162 
c 159 
L 4 s 4 a 240 
b 240 
0 236 
L 4 s 5 a 318 
b 318 
0 323 
Shear Average „2 „ 
failures draft —? 
per foot (lb) ® • wD*^  
14.5 27.6 0.099 74.335 
16.7 31.0 0.100 83.492 
20.7 31.2 0.099 84.031 
11.4 33.6 0.329 90.495 
12.0 34.5 0.329 92.919 
10.7 33.4 0.332 89.956 
37.8 1.392 101.807 
6.0 36.8 1.358 99.113 
5.8 37.1 1.309 99.921 
4.3 4o. 6 2.981 109.348 
4.8 40.2 2.981 108.271 
5.5 48.2 2.828 129.817 
3.4 61.0 5.234 164.291 
3.8 55.0 5.234 148.132 
4.0 57.0 5.400 153.518 
Table l6. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (In) (fpm) 
L 4 M 1 a 23.2 80.9 3 53.0 
b 53.0 
o 52.9 
L 4 M 2 a 110 
b 111 
c 110 
L 4 M 3 a 203 
b 202 
G 202 
L 4 M 4 a 290 
b 288 
o 290 
L 4 M 5 a • 373 
b 382 
o 387 
Shear Average „2  ^
failures draft —? 
per foot (lb). ° wD-^  
8.0 59.0 
10.0 51.6 
11.8 50.4 
6.3 58.4 
6.5 60.0 6.8 60.0 
5.0 66.0 
4.5 66.0 
4.8 63.6 
3.0 85.0 
3.5 83.2 
3.3 88.4 
2.8 88.6 
2.5 82.0 
3.3 82.0 
0.097 46.675 
0.097 40.821 
0.097 39.871 
0.4l8 46.200 
0.425 47.466 
0.4l8 47.466 
1.422 52.213 
1.408 52.213 
1.408 50.314 
2.902 67.244 
2.862 65.820 
2.902 69.933 
4.801 70.092 
5.035 64.870 
5.168 64.870 
Table l6, (Continued) 
Moisture Volume Plow 
Run content weight• size Speed 
no. % (lb/ft3) (in) (fpm) 
L 4 L 1 a 22.9 77.8 4 57.5 
b 57.7 
o 57.5 
L 4 L 2 a 121 
b 118 
c 121 
L 4 L 3 a 214 
b 203 
o 207 
L 4 L 4 a 319 
b 322 
o 305 
L 4 L 5 a 396 
b 400 
0 398 
Shear Average 2^ „ 
failures draft —? 
per foot (lb) ® wD 
4.5 76.0 0.086 26.372 
6.8 85.2 0.086 29.564 
4.3 80.0 0.086 27.760 
4.3 92.0 0.379 31.924 
5.8 87.2 0.360 30.258 
4.5 85.6 0.379 29.703 
3.5 102.4 1.185 35.533 
3.8 102.8 1.066 35.672 
3.8 94.4 1.109 32.757 
3.0 101.6 2.634 35.255 
2.8 104.0 2.683 36.088 
3.0 109.2 2.408 37.892 
2.3 116.8 4.058 40.530 
2.5 110.8 4.141 38.448 
2.8 108.8 4.100 37.754 
Table l6, (Continued) 
Moisture Volume Plow 
Bun content weight size Speed 
no. % Clb/ft3) (in) (fpm) 
L 5 8 1 a 22.9 77.8 2 44.6 
b 45.1 
o 44.5 
L 5 S 2 a 78.9 
b 78.9 
c 79.4 
L 5 S 3 a l6l 
b 158 
o 159 
L 5 S 4 a 237 
b 234 
c 231 
L 5 S 5 a 309 
b 313 
o 309 
Shear Average „2 „ 
failures draft —^  . —? 
per foot (lb) ® wD^  
16.3 19.7 
14.7 21.5 
16.0 20.0 
9.0 23.5 
9.5 22.4 
8.5 22.8 
5.2 24.3 
5.2 24.5 
5.6 25.0 
3.8 28.2 
4.0 26.2 
4.6 36.6 
4.0 4o.o 
3.2 42.0 
3.8 39.0 
0.103 54.693 
0.105 59.691 
0.103 55.526 
0.322 65.243 
0.322 62.189 
Q.326 63.300 
1.342 67.464 
1.292 68.019 
1.309 69.408 
2.907 78.292 
2.834 72.729 
2.762 101.613 
4.942 111.052 
5.071 116.605 
4.942 108.276 
Table l6, (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (in) (fpm) 
L 5 M 1 a 24.9 85.4 3 52.2 
b 51.8 
o 24.7 85.2 51.7 
L 5 M 2 a 111 
b 110 
0 111 
L 5 M 3 a 200 
b 200 
c 196 
L 5 M 4 a 294 
b 291 
o 293 
L 5 M 5 a 349 
b 375 
c 366 
Shear Average „2 
failures draft 
per foot (lb) ° 
12.7 59.4 
9.8 73.0 
12.0 81.7 
5.8 80.0 
6.5 81.0 
6.0 80.0 
4.0 88.8 
4.4 86.0 
4.0 104.0 
3.3 121.2 
3.5 104.0 
3.3 106.8 
3.0 108.0 
2.8 106.0 
3.0 104.0 
0^ 094 43.765 
0.093 54.706 
0.092 61.373 
0.425 60.096 
0.4l8 60.847 
0.425 60.096 
1.380 66.707 
1.380 64.603 
1.326 78.125 
2.983 91.045 
2.922 78.125 
2.962 80.228 
4.203 81.130 
4.853 79.627 
4.622 78.125 
Table l6. (Continued) 
Run 
no. 
Moisture Volume 
content weight 
% (lb/ft3) 
Plow 
size 
(in) 
Speed 
(fpm) 
Shear 
failures 
per foot 
Average 
draft 
(lb; gD 
E 
wD^ 
L 5 L 1 a 24.6 84.7 4 62.6 5.4 110.0 0.101 35^068 
b 62.6 6,0 115.0 0.101 36.662 
c 62.6 5.5 104.0 0.101 33.155 
L 5 L 2 a 121 4.8 116.8 0,379 37.236 
b 120 5.0 112.8 0.373 35.961 
c 119 5.8 106.4 0.367 33.920 
L 5 L 3 a 210 4.2 117.2 l.l4l 37.363 
b 214 3.8 113,2 1.185 36.088 
c 214 4.2 110.8 1.185 35.323 
L 5 L 4 a 310 3.3 124.0 2.487 39.531 
b 300 2.8 142.8 2.329 45.525 
c 308 • 3.5 140.0 2.455 44.632 
L 5 L 5 a 343 2.8 144.0 3.045 45.907 
b 366 3.3 144.8 3.467 46.162 
c 360 3.5 140.8 3.354 44 .887 
Table 17, Experimental data from tests In Norfolk sandy loam 
Run 
no. 
Moisture Volume 
content weight 
% (lb/ft3) 
Plow 
size 
(In) 
Speed 
(fpm) 
Shear 
failures 
per foot 
Average 
draft • 
(lb) gD 
R 
wD^  
M 1 S 1 a 6.0 102.3 2 44.8 17.0 12.2 0.104 25.759 
b 45.7 19.7 11.0 0.108 23.225 
c 45.4 22.0 10.2 0.107 21.536 
N 18 2 a 78.0 15.0 13.0 0.315 27 .448 
b 77^4 i4.o 12.6 0.310 26.604 
0 78.0 15.8 12.5 0.315 26.393 
N 1 S 3 a 158 8.7 ' 14.4 1.292 30.404 
b 160 8.0 13.6 1.325 28.715 
c 158 7.7 12.5 1.292 26.393 
N 18 4 a 240 7.7 13.6 2.981 28.715 
b 237 6 .7 i4.o 2.907 29.560 
c 232 7.7 16.6 2.786 35.049 
N 18 5 a 329 6,3 18.3 5.603 38.639 
b 328 6.0 18.9 5.569 39.906 
c 325 5.7 19.3 5.467 40.750 
Table 17. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no, % (lb/ft3) (in) (fpm) 
N 1 M 1 a 6.0 107.3 3 52.6 
b 52.6 
o 52.6 
N 1 M 2 a 101, 
b 101 
c 100 
N 1 M 3 a 188 
b 191 
c 189 
N 1 M 4 a 300 
b 300 
c 302 
N 1 M 5 a ' 393 
b 393 
o 395 
Shear Average „2 „ 
failures draft —=• —? 
per foot (lb) ® wD 
16.7 21.7 0.096 12.944 
15.0 24.0 0.096 14.316 
16.3 22.8 0.096 13.600 
10.3 24.6 0.352 14.674 
10.7 25.6 0.352 15.270 
9.3 24.8 0.345 14.793 
6.3 27.3 1.220 16.285 
6.7 25.3 1.259 15.092 
6.7 25.0 1.233 14.913 
5.3 32 .4 3.106 19.327 
4.3 30.3 .  3.106 18.074 
4.3 31.0 3.147 18.492 
3.3 30.5 5,330 18.193 
4.7 31.2 . 5.330 18.611 
4.7 30.8 5.384 18.372 
Table 17. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (Ib/ft^ ) (in) (fpm) 
N 1 L 1 a 6.0 106.0 4 63.2 
b 63.6 
0 , 63.2 
N 1 L 2 a 114 
b 116 
c 115 
N 1 L 3 a 224 
b 223 
o 223 
N 1 L 4 a 321 
b 316 
o 318 
N 1 L 5 a 392 
b 419 
c 4o4 
Shear Average „2 „ 
failures draft  ^
perfoot (lb) ® wD 
10.3 31.0 0.103 7.896 
14.0 31.8 0.105 8.100 
9.7 29.9 0.103 7.616 
8.7 29.8 0.336 7.590 
8.3 26.3 0.348 6.698 
7.3 36.3 0.342 9.246 
6.0 41.2 1.299 10.494 
4.3 38.3 1.287 9.755 
6.3 36.8 1.287 9.373 
4.7 39.9 2.667 10.163 
5.3 47.4 2.584 12.073 
5.0 45.0 2.617 11.462 
6.0 48.3 3.977 12.302 
3.3 47.7 4.544 12.149 
5.0 45.9 4.224 11.691 
Table 17. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (in) (fpm) 
N 2 S 1 a 8.4 116.3 2 44.6 
b 44.2 
0 44.4 
N 2 S 2 a 79.0 
b 79.2 
c 79.0 
N 2 S 3 a l6l 
b 159 
0 158 
N 2 s 4 a 241 
b 241 
o 239 
N 2 S 5 a 313 
b 316 
o 319 
Shear Average ,,2 „ 
failures draft —? 
per foot (lb) wD 
12.3 13.4 0.103 24.888 
11.7 12.0 0.101 22.288 
11.3 12.0 0.102 22.288 
10.7 12.4 0.323 23.031 
11.3 13.0 0.325 24.145 
11.0 • 12.0 0.323 22.288 
7.0 12.7 1.417 23:588 
5.7 12.2 1.309 22.659 
8.0 10.7 1.292 19.873 
5.0 12.0 3.006 22.288 
7.0 20.0 3.006 37.146 
6.7 21.7 2.957 40.303 
4.7 21.7 5.071 40.303 
5.7 21.2 5.169 39.375 
5.3 21.0 5.267 39.003 
Table 17. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (In) (fpm) 
N 2 M 1 a 8.1 115.8 3 51.9 
b 51.4 
o 51.9 
N 2 M 2 a 106 
b 105 
c 105 
N 2 M 3 a 198 
b 197 
o 197 
N 2 M 4 a 297 
b 294 
o 297 
395 
398 
4o4 
N 2 M 5 a 
b 
Shear Average 2^ p 
failures draft —? 
per foot (lb) ® wD'^  
9.0 22.7 0.093 12.546 
9.0 22.3 0.091 12.325 
10.0 23.5 0,093 12.989 
8.3 31.3 0.388 17.300 
7.3 30.0 0.380 16.581 
7.0 30.0 0.380 16.581 
6.3 33.3 1.353 18.405 
5.3 29.5 1.339 16.305 
6.3 27.T 1.339 15.310 
5.3 28.4 3.044 15.697 
4.0 29.3 2.983 16.194 
4.7 28.7 . 3.044 15.863 
3.3 33.0 5.384 18.239 
5.7 32.5 5.466 17.963 
5.0 28.7 5.632 15.863 
Table 1?. (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no. % (lb/ft3) (in) (fpm) 
N 2 L 1 a 8.0 115.9 4 63.6 
b 63.2 
c 63.6 
N 2 L 2 a 109 
b 116 
0 118 
N 2 L 3 a 219 
b 223 
c 222 
N 2 L 4 a 334 
b 334 
o 329 
N 2 L 5 a 407 
b 426 
o 428 
Shear Average ,,2  ^
failures draft  ^ —? 
per foot (lb) ° wD 
6.3 25.7 
9.3 30.2 
9.0 33.6 
6.3 35'5 
6.7 34.7 
6.0 33.0 
5.0 44.0 
4.0 42.7 
5.0 39.0 
4.0 46,3 
3.3 42,6 
3.7 53,3 
3.3 57.6 
5.0 . 58.4 
3.3 52.4 
0.105 5.988 
0.103 7.037 
0.105 7.829 
O.308 8.272 
0.348 8.085 
0.360 7.689 
1.241 10.252 
1.287 9.949 
1.276 9.087 
2.887 10.788 
2.887 9.926 
2.801 12.419 
4.287 13.421 
4.697 13.607 
4.741 12.209 
Table 1?. (Continued) 
Moisture Volume Plow-
Run content weight size Speed 
no. % (l'b/ft3) (in) (fpm) 
N 3 S 1 a 9.4 123.0 2 43.9 
b 43.9 
o 43.7 
N 3 S 2 a 78.1 
b 78.5 
c 78.1 
N 3 S 3 a 159 
b l6l 
c 159 
N 3 8 4 a 239 
b 236 
o 235 
N 3 S 5 a 321 
b 322 
0 322 
Shear Average ,,2  ^
failures draft —^  —? 
per foot (lb) ® wD-^  
8.7 13.6 
14.3 14.7 
12.3 14.7 
y 
10.3 ,^^16.2 
10.0 " 16.0 
11.3 16.5 
6.0 18.0 
7.7 16.0 
7.3 15.2 
5 .0 16.2 
5.0 15.3 
5,3 22.5 
5.0 23.7 
3.7 24.2 
4.7 22.0 
0.100 23.883 
0.100 25.815 
0.099 25.815 
0.316 28.449 
0.319 28.098 
0.316 28.976 
1.309 31.610 
1.342 28.098 
1.309 26.693 
2.957 28.449 
2.883 26.868 
2.858 39.512 
5.333 41.620 
5.367 42.498 
5.367 38.634 
Table 17, (Continued) 
Moisture Volume Plow 
Run content weight size Speed 
no, . % (Ib/ft^ ) (in) (fpm) 
N 3 M 1 a 9.5 126.7 3 52.4 
b 52.2 
c 52.1 
N 3 M 2 a 104 
b 103 
c 104 
N 3 M 3 a 204 
b 204 
o 204 
N 3 M 4 a 290 
b 292 
o 292 
N 3 M 5 a 393 
b 396 
c 396 
Shear Average ,,2 p 
failures draft  ^ -—? 
per foot (lb) ® wD-^  
8.7 23.1 
7.3 23.3 
8.3 24.9 
7.0 31.3 
7.3 28.3 
8.3 26.5 
6.0 35.0 
5.7 31.5 
5.7 28.5 
3.7 40.2 
3.3 38.9 
3.7 37.3 
3.0 41.3 
3.3 40.0 
4.0 38.5 
0.095 11.668 
0.094 11.769 
0.094 12.577 
0.373 15.810 
0.366 14.294  ^
0.373 13.385 vd 
1.436 17.679 
1.436 15.911 
1.436 14.395 
2.902 20.305 
2.942 19.648 
2.942 18.840 
5.330 20.861 
5.411 20.204 
5.115 19.446 
Table 17. (Continued) 
Run 
no. 
Moisture Volume 
content weight 
% (lb/ft3) 
Plow 
size 
(In) 
Speed 
(fpm) 
Shear 
failures 
per foot 
Average 
draft 
(lb) 
9 
V 
gD 
B 
WD3 
N 3 L 1 a 9.2 127.2 4 63.2 6.3 47.7 0.104 10.132 
b 63.5 6.0 44.0 0.104 9.346 
c 63.3 4.7 42.4 0.104 9.006 
N 3 L 2 a 121 5.3 42.8 0.379 9.091 
L 112 5.7 40.6 0.325 8.623 
c 112 4.0 42,0 0.325 8.921 
N 3 L 3 a 227 4.0 52.0 1.334 11.045 
b 226 3.7 50.4 1.322 10.705 
c 228 4.7 46.2 1.345 9.813 
N 3 L 4 a 336 2.7 54.8 2.922 11.640 
b 328 2.0 59.2 2.784 12.574 
c 331 3.0 53.6 2.835 11.385 
N 3 L 5 a 423 3.0 61.4 4.631 13.04l 
b 423 3.0 61.2 4.631 12.999 
0 417 2.3 56.6 4.500 12.022 
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Appendix C. Rate of Shear Failure Development 
Though not an integral part of this study, data were 
also tabulated, in Tables l4, 15, l6, and 17, Appendix B, 
on the number of shear planes that developed per foot of 
movement of the plows through the soil. Referring to the 
force traces in Pig. 32, it was assumed that each peak, 
indicating a point of maximum draft followed by a drop 
in load, is a result of shear failure of the soil mass. 
Not all traces showed such definite peaks, so it was 
arbitrarily decided that drops in load of the order of 
two lb. would indicate evidence of a shear failure. 
Data relating shear failures per foot and speed of 
plowing were plotted, for each series, as shown in Fig. 43 
for Ida silt loam, moisture level 3« Multiple regression 
analyses of the data, using the square of the speed values 
as a third variable, produced curvilinear regression 
equations of the form 
f^ " + CgV + c_ 
where = number of shear failures per foot 
V = speed of plowing, in fpm 
Coefficients for these equations for each soil and moisture 
level are recorded in Table 18. 
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Fig. 43. Shear failures per foot vs. speed of plowing 
for one soil condition 
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Table 18. Coefficients for curvilinear regression 
equations relating the number of shear 
failures, per foot and speed of plowing 
^f ^ + c V + c 
Moisture 0 
Soil level c^ xlO° CgZlO C3 
Ida 1 41.07 -34.47 10.40 
2 
-9.50 -7.51 7.21 
3 52.74 -44.45 12.37 
4 44.92 -37.08 10.75 
. 5 67.59 -49.05 12.83 
6 54.46 -45.41 12.77 
All 41.70 -36.48 11.09 
Colo 1 89.59 -64.32 15.17 
2 59.76 -46.67 12.13 
3 65.95 -43.74 10.44 
4 29.70 -27.29 8.82 
All 65.45 -47.13 11.74 
Luton 1 129.10 -82.10 16.73 
2 116.97 -77.99 15.86 
3 115.06 -76.73 15.93 
4 110.09 -71.19 14.28 
5 148.46 -83.75 14.70 
All 122.32 -77.87 15.48 
Norfolk 1 150.29 -96.81 19.98 
2 58.92 -42.86 12.04 
3 44.90 -37.24 10.83 
All 82.05 -57.94 14.22 
All soils combined 74.52 -53.27 12.92 
